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NEW OBJECT-ORIENTED LANGUAGE 


FROM Animate IMPORT DynlmageObj; 

FROM GrpMod IMPORT QueueObj; 


Terminal Traffic Simulation El 

| Folkestone Terminal 

TYPE 


PlatformObj = OBJECT(DynlmageObj) 


"-Prffljg. 

OrbitPosition : REAL; 



OrbitVelocIty: REAL; 

OrbitRadius : REAL; 

Messages : QueueObj; 

Quadrant : INTEGER; 



TELL METHOD SendTo(IN platform ; PlatformObj); 

TELL METHOD Receive From(IN platform : PlatformObj); 
ASK METHOD ComputePosition; 



END OBJECT; 
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Readable, compact language with multiple 


MODSIM II is now used worldwide for object- 

inheritance, strong typing, and dynamic binding 


oriented programming with graphics and simulation 


After you’ve tried new MODSIM II 
other object-oriented languages will seem primitive 


Free trial and, if you act now, free training 


M ODSIM II is a modern 

high-level, object-oriented 
language with these important 
benefits: 

• Object-oriented programming. 

The powerful mechanisms that 
help you develop structured, 
easily maintainable code. 

• A compact, readable language. 
Your programs are at least 25% 
smaller than equivalent C + + 
programs and they are easier to 
read. 

• Symbolic debugger. Error detec¬ 
tion and correction are simplified 
through steptracing, multiple 
breakpoints, and data viewing. 

• Graphics and animation. You 
easily lay out your graphical in¬ 
terface with no programming. 

• Standardization across com¬ 
puters. Your development invest¬ 
ment is preserved when you 
change computer types. 

• Simulation. All the features you 
need to do simulation and auto¬ 
matically collect statistics are 
available if you need them. 

With these benefits, the time and 
cost you need to develop programs is 
sharply reduced. 


Free trial offer 

The free trial contains everything 
you need to try MODSIM II on your 
computer. Try the language, the 
quality and the timeliness of our sup¬ 
port, and our documentation and 
training— everything you need for a 
successful project. 

We’ve been providing software 
and support for 29 years-we’ll be 
here when you need us. 

Computers with MODSIM II 

MODSIM II® is available for all 
popular computers. 

Charter User Group benefits 

CACI is now organizing a MOD¬ 
SIM II Charter User Group. Mem¬ 
bers receive a reduced price, early 
releases, and other benefits. 

For a limited time we also include 
free training. Call today to avoid 
disappointment-class size is limited. 

For immediate information 

In the US, call Hal Duncan at (619) 
457-9681, or Fax (619) 457-1184. In 
Canada, call Peter Holt on (613) 
782-2474, Fax (613) 782-2202. In 
Europe, call Nigel McNamara, in the 
UK, on 0276 671 671, Fax 0276 670 
677. 


Rush information on 
MODSIM II. 

□ Yes, I want to learn the reasons for 
the growing popularity of MODSIM II. 

Charter User Group offer-return the 
coupon today and we will include a 
free course worth $950. 



□ Send details on your University Offer 


CACI Products Company 
3344 North Torrey Pines Court 
La Jolla, California 92037 

Call Hal Duncan at (619) 457-9681 
t ax (619) 457-1184 
In Canada: 

CACI Products Division 
200-440 Laurier Avenue West 

Call Peter Holt on (613) 782-2474 
Fax (613) 782-2202 
In Europe: 

CACI Products Division 
Coliseum Business Centre 
Watchmoor Park, Riverside Way 
Camberley, Surrey OU15 3YL, UK 

Call Nigel McNamara on 0276 671 671 
Fax 0276 670 677 
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If you don’t think 
our real-time systems 
have taken off, consider 
some of the programs 

we’ve landed. 



lities. | 


You already know the significance of the Alsys name when it comes to quality Ada. But you may not have realized 
that over half of our business is in—and over half of all our resources are devoted to—real-time applications. Right 
now Boeing, Lockheed, McDonnell Douglas, NASA, AIRBUS, European Space Agency and many others rely on 
us for solutions for mission and safety-critical applications. ru ~ h eli^nl^^ 

Alsys offers one of the broadest ranges of compiler products 
and developer tools, plus unparalleled expertise and guid¬ 
ance every step of the way. 

If you need to reduce risk, deliver projects on time, 
and do both within budget, the first step is easy: send in the 
coupon, or call 617-270-0030. We’ll rush you a handbook 
detailing some powerful reasons why you should consider 
enlisting our support. Alsys. We’re serious about real-time. 


ax:617-270-6882 I 
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Which is the most 
intelligent? 

A king of China once asked his 
physician, a member of a family of 
healers, which one in his family 
was the most intelligent. The physi¬ 
cian replied, “My oldest brother 
sees the spirit of sickness and re¬ 
moves it before it takes shape, so 
his name does not get out of the 
house. My younger brother cures 
sickness when it is still extremely 
minute, so his name does not get 
out of the neighborhood. I puncture 
veins, prescribe potions, and mas¬ 
sage skin, so from time to time my 
name gets out and is heard among 
the kings.” 

— Sun Tzu, The Art of War 


Guest Editor’s Introduction 

Computer 
Architectures for 
Intelligent Systems 

Jayantha Herath 
Drexel University 


T he ability to sense-process-act is an integral part of intelligence. But it is 
not clear what constitutes intelligence, how humans sense-process-act, or 
what knowledge is sufficient to begin this cycle. 

Development of systems capable of duplicating or mimicking human intelli- 
I gence has attracted interest since the computer era began. However, intelligent 
| systems developed so far pale in comparison to human intelligence. 

Intelligent systems consist of sensors, processors, and actuators. Sensors interact 
I with the environment to capture and recognize changes relevant to task objectives; 
I processors perform information processing; actuators produce the system output. 
I Intelligent systems must operate successfully in unstructured or structured sur- 
| roundings and respond to unanticipated situations. Decisions must be made with 
I incomplete or uncertain information and competing constraints to solve problems 
I and reach correct conclusions. 

Many sensors, processors, actuators, models, algorithms, and software programs 
I have been proposed and implemented to solve problems related to intelligent 
I systems. These efforts, along with the promise of VLSI, fueled the search that led 
I to the development of very large scale integrated intelligent (VLSII) systems. 

The intelligence computing community has been divided into many groups with 
I diverse interests: planning, learning, reasoning, control, knowledge representa- 
I tion, vision, speech, robotics, natural-language communications with intelligent 
I agents, multivalued or fuzzy-like soft logic, resource scheduling and allocation, 
I high-level languages, fault tolerance, real-time processing, and tightly or loosely 
I coupled processing. Such division has led to independent developments that have 
I not benefited from interaction. This special issue on computer architectures for 
I intelligent systems is intended to provide a unified perspective of the field. 


Applications and requirements 

Integrated intelligent systems are increasingly used to control numerous life- 
I critical, military, unmanned, and commercial systems in the fields of health care, 
| education, air travel, automated manufacturing, security, and nuclear power 
I generation. Operating as autonomous intelligent robots, they will replace human 
I operators in hazardous or hostile environments and in handling dangerous mate¬ 
rials. Such systems will integrate planning, problem solving, real-time control, 
J vision, and action. In health-care applications they will combat the high costs of 
I diagnostic analysis and integrate many areas of expertise. VLSII systems with 
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mental models will provide educational 
support to students according to their 
knowledge and learning style. VLSII 
systems will support military planning 
and decision making. Integrating com¬ 
puter-aided manufacturing techniques, 
vision systems, and high-level program¬ 
ming languages for controlling autono¬ 
mous robots will provide greater auto¬ 
mation for manufacturing plants. 

Basic intelligent tasks such as classifi¬ 
cation, optimization, and prediction of¬ 
ten involve uncertainty. The ability to 
learn and the ability to predict are im¬ 
portant qualities that VLSII systems 
should possess. Classifier systems that 
produce a decision for every input pat¬ 
tern attempt to build integrated learn¬ 
ing systems. A system that learns has 
many advantages: A robot can compen¬ 
sate for wear in its parts; an expert sys¬ 
tem can correct or add to previous knowl¬ 
edge provided by an expert; a vision 
system can increase the accuracy with 
which it identifies images; and a natu¬ 
ral-language processor can learn from 
words and phrases. 

VLSII systems must have user-friendly 
interfaces that may be able to under¬ 
stand and translate natural languages 
and identify problems so that these sys¬ 
tems can generate tasks, develop multi¬ 
level plans, make decisions, and com¬ 
pile and execute tasks. Tasks such as 
developing new classification methods, 
classifying new examples, comparing 
learning approaches, and implement¬ 
ing a wide variety of algorithmic appli¬ 
cations for learning require extensive 
computer processing of data. Control 
schemes for robots require computa¬ 
tions of kinematics, dynamics, Jacobian 
matrices, and their inverses. Fuzzy logic 
provides a way to implement intelligent 
systems without formal algorithms. As 
intelligence is better understood, it can 
be better implemented on a digital com¬ 
puter. Development of faster algorithms 
with low complexity, along with faster 
high-performance computer architec¬ 
tures, software, VLSI, optical devices, 
controllers, sensors, actuators, and al¬ 
gorithmic transformation techniques will 
make it easier to accomplish intelligent 
tasks. 

Computer architectures 

Development of computationally ef¬ 
ficient system architectures is an impor¬ 
tant issue. The major difficulties in uni¬ 


processing are the physical constraints 
of hardware and the sequential and cen¬ 
tralized control. Conventional unipro¬ 
cessors cannot efficiently handle inten¬ 
sive computations with a high level of 
data dependency. Such processors are 
good at executing sequential computa¬ 
tions that have been precisely formulat¬ 
ed, but they have difficulty processing 
tasks related to vision, speech, and tem¬ 
poral and spatial pattern recognition in 
the presence of noise. Intelligent com¬ 
putations with irregular properties are 
suited for implementation on multiple- 
instruction, multiple-data machines. 
Linear recursive structures can be im¬ 
plemented using single-instruction, 
multiple-data machines. Fuzzy or neu¬ 
rocontrollers allow a less rigid way of 
reasoning and can be built on a VLSI 
chip, an associative processor, or a par¬ 
allel machine. 

New computer architectures and de¬ 
sign methodologies have emerged re¬ 
cently and are being further investigat¬ 
ed. High-performance parallel and 
distributed computer systems with the 
ability to perform large-scale asynchro¬ 
nous computations effectively will play 
a major role in comparing and imple¬ 
menting different applications. Data¬ 
flow architectures provide a solution to 
latency and synchronization problems 
in conventional multiprocessors. Func¬ 
tional, logic, and object-oriented pro¬ 
gramming languages are used to repre¬ 
sent the high-level data dependency of 
the algorithms. Signal processors or oth¬ 
er special-purpose processors, targeted 
to a certain class of problems, provide 
the power of supercomputers at the ex¬ 
pense of longer design time, but with 
low overall cost. These processors pro¬ 
vide either limited or nonexistent pro¬ 
gramming capability. Such computer 
architectures are becoming predominant 
in intelligent systems. They have been 
extending the capabilities of systems to 
solve problems that were previously 
intractable because of their nature and 
complexity. 

VLSII systems are asynchronous in 
nature and require fast communications. 
Communication between the interact¬ 
ing components or levels affects the 
instruction set and eventually the over¬ 
all system architecture. A VLSII system 
typically must support many require¬ 
ments for communication protocols. 

Reliability, security, and real-time 
performance are important issues in 
VLSII system implementations. These 


systems must be reliable, even in the 
face of Byzantine-type failures. They 
require techniques for concurrent fault 
detection, fault masking, fault contain¬ 
ment, fault recovery, rescheduling upon 
failure, reconfiguration, and task allo¬ 
cation. They must have interrupt-han¬ 
dling schemes that exhibit low over¬ 
head and are capable of supporting 
dynamic priority schemes. The correct¬ 
ness of VLSII systems depends not only 
on the logical results but also on the 
time at which the results are produced. 

Performance analysis 

Another critically important issue in 
VLSII systems is the performance eval¬ 
uation of implementations. It is very 
important to test and experiment with 
alternate integration strategies. Factors 
such as processor efficiency, reactivity, 
generality or speciality, learnability, seal- 
ability, programmability, flexibility, and 
cost-effectiveness are important in eval¬ 
uating a machine design. As machine 
size increases, a corresponding increase 
in performance must be obtained. Scal¬ 
able machines that vary in size over a 
wide range can use the same architec¬ 
ture. Also, if a system can be shown to 
scale well for a certain class of algo¬ 
rithms, then measurements from simu¬ 
lations of those algorithms on relatively 
few processors can be used to predict 
the behavior of systems with a large 
number of processors. 


Is successful 
behavior intelligence? 

According to an old story, a man 
raced his three horses against the 
three horses belonging to another 
man. The first man always pitted 
the slowest against the slowest, the 
middling against the middling, and 
the best against the best. Each 
time, the second man won because 
his horses were a little faster than 
the first man’s. Afterward, an intelli¬ 
gent third man told the first that he 
should have raced his slowest 
against the second man’s fastest, 
his middling against the second 
man's slowest, and his fastest 
against the second man’s middling 
horse. In this way he would have 
won two races out of three. 
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The performance increase in parallel 
machines is also related to the commu¬ 
nication patterns in application programs 
and the communication infrastructure. 
Performance furthermore relates to the 
speed at which decisions are made and 
the correctness or accuracy of these 
decisions. Most intelligent-system 
projects try to improve on one charac¬ 
teristic of performance while keeping 
the others roughly constant. Analytical 
models must be developed that are not 
too complex and promise reasonably 
accurate results. Experimental work 
involving both simulated and real hard¬ 
ware is necessary. Simulation studies 
help physical processes to verify cor¬ 
rectness, identify errors and potential 
bottlenecks, and generate performance 
estimates before prototypes are built. 
Intelligent systems that control life-crit¬ 
ical processes must be very dependable. 
Such extreme levels of dependability 
cannot be validated by simulation: It 
would take too long to obtain simula¬ 
tion results with acceptably small confi¬ 
dence levels. Many problems will sur¬ 
face by building real systems. 

Algorithm 

transformations 

Task partitioning of an algorithm for 
better processor utilization is a major 
challenge in programming parallel and 
distributed systems. The applications in 
the sense-process-act cycle involve iter¬ 
ative or repeated computations to im¬ 
prove the quality of the decisions or 
recursive hierarchical computations 
adopted at different levels of resolution 
or detail. It is exciting to unravel the 
sense-process-act computation cycle and 
evaluate the performance of the imple¬ 
mentations. Algorithm transformation 
techniques such as unfolding and look¬ 
ahead will play an important role in 
unraveling the cycle and increasing the 
level of concurrency in special-purpose 
processors and vector and multiproces¬ 
sor implementations. Unfolding exploits 
the interiteration concurrency and 
precedence constraints. Look-ahead 
transformations recast the recursive 
computations and create additional con¬ 
currency. The combination of program 
unfolding and look-ahead converts the 
single-sensor, single-processor, single¬ 
actuator form to the multisensor, multi¬ 
processor, multiactuator form, which 


possesses greater concurrency. Data¬ 
flow architectures provide an efficient 
platform for implementing unraveled 
iterative and recursive computations. 
Index-mapping transformations are ex¬ 
ploited in systolic architectures. 

Many interesting and challenging 
problems in the multiple sense-process- 
act cycle remain. How do we select a 
research area? How do we mix or sepa¬ 
rate basic concepts? How do we apply 
concepts from one area to another? How 
do we model an application? Which 
algorithm or model is appropriate for a 
given class of computations? What hard¬ 
ware is best? 

There can be many solutions to a 
problem, and some solutions to one prob¬ 
lem may be suitable for a different prob¬ 
lem. A given function can be imple¬ 
mented in many different ways. It is 
important to test and experiment with 
alternate integration and separation 
strategies. Producing requirements, fun¬ 
damental concepts, specifications, and 
designs, and proving the concept by sim¬ 
ulating, building, and testing prototypes 
and obtaining useful performance mea¬ 
surements for the next iteration are nec¬ 
essary steps in solving the problems. It 
is always exciting to penetrate an unfa¬ 
miliar area. 


T his special issue of Computer 
presents a selection of inter¬ 
esting and important works in 
several areas of intelligent systems. The 
articles define important current prob¬ 
lems, propose novel approaches for solv¬ 
ing them, analyze performance to dem¬ 
onstrate the efficacy of an approach, 
and provide experimental data. They 
include detailed examples, theories, and 
organizations. The examples use orga¬ 
nizations, designs, existing and proposed 
architectural components, and imple¬ 
mentation and performance evaluations 
of advanced techniques to develop new 
methodologies for VLSII systems. 

The subject is broad, and the articles 
chosen reflect a diversity of interests 
because researchers are exploring many 
different areas. This selection should 
help readers expand their knowledge 
quickly. The additional information list 
below will enable those interested in 
specific areas to acquire familiarity with 
fields not central to their own. I hope 
the articles are enjoyable and that they 
stimulate new research in the building 
of VLSII systems. ■ 
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Pheasant Run is located in DuPage County, Illinois and is about 25 miles 
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1992. (See important Notice above.) 
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please contact: Dr. Trevor Mudge, (313) 763-1557, Dept, of EE & CS, 
University of Michigan, Ann Arbor. Ml 48109-2122. 

For information or assistance regarding accommodations or registration, 
please contact: Ms. Carol Mielczarek, Pheasant Run, P.O. Box 64, St. 
Charles, Illinois 60174. Phone (708) 584-6300. 
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Distributed 

Real-Time Control of a 
Spatial Robot Juggler 


Alfred A. Rizzi, Louis L. Whitcomb, and Daniel E. Koditschek 
Yale University 


This robot uses a 
distributed network 
of transputers to 
process stereo camera 
data and control the 
torque of a three- 
degree-of-freedom arm 
to juggle a ball. 


I n our continuing research on dynamically dexterous robots, we recently 
completed construction of a second-generation juggling machine. Its fore¬ 
bear was a mechanically trivial system that used a single motor to rotate a 
bar parallel to a near-vertical frictionless plane. The system could juggle one or two 
pucks, which it sensed through a grid of wires and batted into a specified stable 
periodic motion. 1 Simplicity of design notwithstanding, this robot required a four- 
processor network as its controller. 

Figure 1 shows the second-generation system. It uses three motors to actuate a 
three-degree-of-freedom direct-drive robot arm. The arm bats an artificially 
illuminated ping-pong ball into a specified periodic vertical motion. It senses the 
ball through a field-rate stereo-vision system. The distributed real-time control 
network for this system has grown to 17 processors. 

Both the one- and three-degree-of-freedom machines exhibit a surprising ability 
to contend with unfavorable initial conditions and to recover from significant 
unforeseen disturbances. The second-generation system is one of the few pro¬ 
grammable robots to achieve a level of dexterity in any way comparable to that of 
a human. (See the sidebar “Why Juggling?” for further reading in this field.) 

The introduction of multiple balls will necessitate even more system nodes and 
more sophisticated control algorithms, which will further increase the network 
size. Thus, pursuing the theory and practice of “intelligent machine” design has 
thrown us into the exciting confusion of building practical distributed real-time 
controllers of increasing complexity. 

This article describes the Yale spatial juggler. Further, based on this experience, 
we describe an emerging set of working principles for the design and implementa¬ 
tion of embedded real-time distributed controllers. We are convinced that com¬ 
plex, coordinated motion-control applications will increasingly incorporate medi¬ 
um-grained event-driven parallel processing. We hope to attract a larger community 
of researchers and practitioners to examine the novel issues that arise in this 
context. 

In particular, we wish to call attention to a programming style that substitutes 
event-driven dynamical processes and geometrical transformations for a more 
syntactically oriented, if-then-else approach. We call this style “geometric pro¬ 
gramming.” Its recourse to low-level feedback loops in the pursuit of medium- or 
even high-level goals — uncommon as this may be within the traditional computing 
community — typifies the control engineer’s approach. The robust and (partially) 
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Figure 1. The Yale 
spatial juggler. 


provably correct machine behavior that 
emerges may widen the attraction of 
such geometric programming tech¬ 
niques.* 


Overview of the 
juggling system 


Our juggling algorithm is a direct ex¬ 
tension of a new class of nonlinear feed¬ 
back controllers, called “mirror laws,” 
developed for use with our original pla¬ 
nar juggling system 1 (that is, one where 
the ball is constrained to move in a 
plane). The algorithm takes the form of 
a mathematical expression that speci¬ 
fies robot position as a function of the 
ball’s position and velocity. Thus, in the 
Yale spatial juggling system, data from 
the vision system flows directly through 


tional sense of the relation between an algorithm 
and its hardware implementation but also in refer¬ 
ence to the relation between an algorithm that may 
or may not have been correctly implemented in 
hardware and a behavior that the algorithm is 

viction is that geometric programming, when ap¬ 
propriate, will simplify formal analyses of correct- 


Why juggling? 

In brief, we have computers that play chess better than almost every human 
being, but haven’t yet built a machine as capable of walking up the stairs or grab¬ 
bing a cup as a toddler. 

Starting with the pioneering work of Marc Raibert — whose book, Legged Ro¬ 
bots That Balance (MIT Press, 1986), really got this field off the ground — a 
growing number of robotics researchers have begun to work in the general area 
of dynamically dexterous tasks. A forthcoming book, Robot Control (IEEE Press, 
1992), edited by F.L. Lewis and M.W. Spong, contains a chapter devoted to the 
work of, among others, Russ Andersson on robot ping-pong and Tad McGeer on 
passive walking machines, as well as a lengthier introduction to the concerns 
and justification for this area of robotics by Daniel E. Koditschek, coauthor of this 
article. 

These seemingly narrow investigations of machine dexterity raise problems 
that go to the heart of many open questions in autonomous-machine design. Fur¬ 
ther, the scope of these problems is narrow enough to admit of controlled and 
comparative experiments at the same time. 

The complete treatment of our approach to juggling and th§ theoretical basis of 
its successes appears in a chapter titled “A Simple Juggling Robot: Theory and 
Experimentation,” by M. Buhler, D.E. Koditschek, and P. J. Kindlmann, from Ex¬ 
perimental Robotics I, edited by V. Hayward and O. Khatib, (Springer-Verlag, 
1990). The exciting work of C.G. Atkeson and colleagues provides a contrasting 
view of the whys and hows of juggling (for example, see E.W. Aboaf, S.M. Druck- 
er, and C.G. Atkeson, “Task-Level Robot Learning: Juggling a Tennis Ball More 
Accurately,” Proc. Int’l Conf. Robotics and Automation, IEEE CS Press, Los 
Alamitos, California, 1989). 

A broader technical understanding of the interdisciplinary field of robotics de¬ 
mands a working familiarity with a wide range of tools and concepts. A widely ac¬ 
cepted introductory text, Introduction to Robotics, Mechanics, and Control, by 
John Craig (Addison-Wesley, 1986) provides a fine account of kinematics, dy¬ 
namics, and elementary notions of control. There are many fine textbooks devot¬ 
ed to control itself, one of the more accessible and computationally oriented be¬ 
ing Digital Control of Dynamic Systems by Gene Franklin, J. David Powell, and 
Michael Workman (Addison-Wesley, 1986). 
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the input channel of a memoryless non¬ 
linear transformation whose output 
stream will, in turn, be treated as the 
input to a robot trajectory tracking 
scheme. 

While there is by no means universal 
agreement in the field, a growing body 
of theory and number of working de¬ 
signs indicate that distributed process¬ 
ing represents the most viable solution 
to the expanding computational require¬ 
ments of robotic systems. The relatively 
constant price of actuators and mecha¬ 
nisms contrasts dramatically with the 
advance of smaller, cheaper, and more 
powerful processors. In our view, this 
argues for the introduction of computa¬ 
tional resources at ever lower levels of 
control as the most promising vehicle 
for increasing performance, even in 
motion-control applications that are less 
computationally demanding than jug¬ 
gling. 

We believe that computational pro¬ 
cesses will inevitably be as distributed as 
the physical processes with which they 
are associated. Physical processes are 
coupled and their “communications” — 
that is, the effect of the state of one 
degree of freedom on another — are 
managed according to Newtonian dy¬ 
namics. The control system designer’s 
task amounts to providing complemen¬ 
tary laws for managing communication 
between the computational processes. 
The Yale spatial juggler represents such 
an application of medium-grained pro¬ 
cessing power to rather simple local de¬ 
vices that are then “patched together” 
through the processor network to achieve 
a complex real-time function. 

Computational 
architecture for control 

Our work in distributed real-time com¬ 
putation originated with the desire to 
build “merely” an easily reconfigurable 
and incrementally cheap family of con¬ 
trol engines that would let us get on with 
the “real work” of robotics. We quickly 
discovered that the very ubiquity of de¬ 
sign that facilitated interconnection led 
to a potentially bewildering variation in 
network behavior depending on appar¬ 
ently innocent changes in topology and 
communication protocols. This section 
explores some of the understanding we 
have derived from our experience in 
building computer networks for control. 


Computational models. Having em¬ 
braced a parallel controller implemen¬ 
tation, we had to answer the question 
of what kind. Two widely accepted par¬ 
adigms of concurrent computation are 
the shared memory (SM) model and 
the communicating sequential process 
(CSP) model. These models provide 
fundamentally different mechanisms for 
interprocess communication. In the CSP 
model, interaction between multiple 
processes takes place over private com¬ 
munication channels, while an SM-based 
system uses shared variables to broad¬ 
cast information. Most multiprocessor 
systems are roughly structured accord¬ 
ing to one of these two popular concur¬ 
rent computation models, 2 although sys¬ 
tems that combine the two models at 
different levels of granularity are be¬ 
ginning to emerge. 

In 1986 we designed a generic mo¬ 
tion-control system using the CSP mod¬ 
el. To avoid the cost associated with 
developing an architecture from scratch, 
we based the system on the SGS-Thom- 
son/Inmos family of transputers. In ad¬ 
dition to its commercial availability, 
the Inmos transputer family offered a 
stable and mature development envi¬ 
ronment, whose operation closely cor¬ 
responded to the CSP model. 3 

Nearly six years later, we continue to 
benefit from this decision. In particu¬ 
lar, the CSP model as instantiated by 
the Inmos transputer line has the fol¬ 
lowing advantages: 

• Expandability. The ease with which 
individual processors can be introduced 
to an overburdened segment of an ex¬ 
isting network allows our computational 
capacity to grow with task complexity. 
Similarly, the simplicity with which ex¬ 
isting mechanical or sensory subsystems 
can be integrated by hardware links 
and software channels has significantly 
accelerated the development of increas¬ 
ingly complex robotic systems in our 
laboratory. 

• Extendable interprocessor com¬ 
munication bandwidth. Simple high¬ 
speed serial data links between multi¬ 
ple processors allow the total network 
data bandwidth to grow as the network 
grows — there is no fixed-bandwidth 
shared bus. The control structures we 
are developing do not require the broad¬ 
cast of global information to every 
processor. Thus, the apparent weak¬ 
ness of being unable to broadcast mes¬ 
sages to a large collection of processes 


is not a drawback for our applications. 

• Device I/O transmission and isola¬ 
tion. Explicit control over the distribu¬ 
tion of data reduces the required total 
network data rate and permits the use 
of lower bandwidth data links. These 
lower bandwidth data links are, in turn, 
easily “hardened” for use in communi¬ 
cating with robot I/O devices, which are 
often physically distant and electrically 
distinct. 

Controller hard ware. The Inmos prod¬ 
uct line supports a strategy that stan¬ 
dardizes and places the burden of paral¬ 
lelism —interprocessor communications 
support, software, and development 
environment — on a commercial prod¬ 
uct, while customizing the computational 
identity of particular nodes by recourse 
to special-purpose hardware. For all our 
control experiments, we use the XP/ 
DCS (transputer-based distributed con¬ 
trol system) boardset, a line of I/O and 
memory customized transputer nodes 
originally developed within the Yale 
Robotics Laboratory and now commer¬ 
cially available from Evergreen Design 
of Branford, Connecticut. 

The XP/DCS processor board is based 
on the Inmos T800 processor, a 32-bit 
scalar processor capable of 10 MIPS 
and 1.5 Mflops (sustained) with four 
bidirectional 20-MHz DMA-driven com¬ 
munication links, 4 Kbytes of internal 
(one-cycle) RAM, and hardware prim¬ 
itives for intraprocessor communication, 
and is capable of submicrosecond con¬ 
text switching. 

This processor is augmented with an 
additional 1 to 8 Mbytes of dynamic 
RAM (three-cycle) and an I/O connec¬ 
tor that presents the T800’s bus to a 
daughterboard. The computational iden¬ 
tity of a particular processor can then be 
customized by attaching different daugh¬ 
terboards to this connector. 

Combining an I/O module daughter¬ 
board with an XP/DCS allows the pro¬ 
cessor to interface to custom hardware 
in a simple, standard fashion. The I/O 
module augments an XP/DCS by pro¬ 
viding a 32-bit latched bidirectional data 
bus, six 4-bit-wide digital output ports, 
and eight digital input signals. All these 
ports are mapped directly into the T800’s 
memory space. In practice, system-spe¬ 
cific I/O devices (for example, digital- 
to-analog and analog-to-digital convert¬ 
ers, quadrature decoders/counters, and 
watchdog circuits) are directly connect¬ 
ed to the 32-bit bus with their control 
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signals driven by the digital outputs. 
This approach simplifies the custom 
hardware associated with a particular 
sensor or actuator at the cost of some 
additional software to perform low- 
level-device access. 

Much like the I/O module, the Cy¬ 
clops vision system boardset augments 
a set of XP/DCS motherboards in sup¬ 
port of a particular sensing task. The 
vision system includes three major com¬ 
ponents: 

• A digitizer that accepts an incoming 
RS-170 video signal and outputs it 
in digital form over a pixel bus. 

• A filter board capable of perform¬ 
ing real-time two-dimensional con¬ 
volution on an image. This board is 
placed on the pixel bus. It accepts 
“commands” over a transputer link 
and manages image-filtering tasks, 
while introducing minimal additional 
latency. 

• A memory daughterboard augments 
an XP/DCS with 128 kilobytes of 
video memory. By associating up to 
eight memory boards with a pixel 
bus, constructing a real-time paral¬ 
lel processing vision system becomes 
easy. 

Controller performance. The gap be¬ 
tween continuous plant and digital dis¬ 
crete controller models is familiar to 
every practicing control engineer. Cer¬ 
tain new issues arise when the control¬ 
ler model allows concurrency. 

The notions of latency and update 
period are familiar from their associa¬ 
tion with a simple sequential model of 
computation. In a simple concurrent 


model of computation, the system reads 
from n inputs, computes an expression, 
and writes to m outputs concurrently. 
For this class of computations, we refer 
to the interval between the system read¬ 
ing an input i and seeing its effect at 
output j as the i -;'th cross latency of the 
computation. In general, such a system 
will have n x m cross latencies. If the 
computation is performed repetitively, 
we refer to the interval of time between 
successive results at the y'th output to be 
the update period of the computation. 

Performance degradation due to un¬ 
timely signals. The critical dependence 
of closed-loop system stability on con¬ 
troller latency and update properties 
distinguishes the design of embedded 
computer control systems from their 
more familiar off-line counterparts. The 
latter need only to optimize some more 
abstract measure of cost (throughput, 
processor utilization, etc.). Delays in 
embedded control systems, whether in 
update rate or latency, will always de¬ 
grade performance. 

Figure 2 compares the effect of up¬ 
date rate and latency on robot tracking 
performance. These graphs show a ro¬ 
bot’s joint tracking error as a function 
of time for three different control algo¬ 
rithms with identical sinusoidal refer¬ 
ence trajectories. (The algorithms — 
proportional derivative (PD) and two 
versions of computed torque (ID and 
IDC) — are described briefly in the 
section “Robot dynamics” and in detail 
elsewhere. 4 ) A 40-millisecond degrada¬ 
tion in update rate, graph (b), has rela¬ 
tively little effect on tracking perfor¬ 
mance, while a 40-millisecond degrada¬ 


tion in latency, graph (c), severely com¬ 
promises tracking performance and 
nearly destabilizes the system. Indeed, 
further degradation in latency resulted 
in controller instability. 

Sampling theory for nonlinear dy¬ 
namical systems is problematic, 5 and 
tools suitable for understanding the ef¬ 
fects of network latency and update rate 
caused by asynchronous distributed 
processing on closed-loop control sys¬ 
tems may now be available, but have yet 
to be applied. 6 In consequence, we do 
not really know when successive incre¬ 
ments of cross latency built up along a 
network path will begin to destabilize 
an otherwise perfectly viable closed- 
loop robot system. 

Sensitivity of signal timeliness to com¬ 
munications schemes. The foregoing dis¬ 
cussion of how much latency is accept¬ 
able for system operation presumes an 
ability to design computational struc¬ 
tures that meet latency specifications. 
Unfortunately, a body of theory capa¬ 
ble of predicting the performance (cross 
latency) of distributed computational 
systems is onlyjiow emerging. 7 In any 
multiprocessor system the timeliness of 
computations throughout a network 
depends on both communication and 
computation costs. In turn, the commu¬ 
nication costs critically depend on both 
the network topology and the interpro¬ 
cessor buffering paradigms employed. 

As an example of the subtleties lurk¬ 
ing in this arena, let’s examine some of 
the data from our studies of cross laten¬ 
cy on various transputer networks. One 
implementation had each servo proces¬ 
sor communicating directly to two pro- 
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Table 1. Cross latency measurements 
for three buffering schemes (ps). 


Unbuffered 

Node 1 

2 

3 

1 817 

706 

823 

2 982 

832 

930 

3 860 

731 

829 

Latest Buffering 

Node 1 

2 

3 

1 995 

1,320 

1,378 

2 1,166 

1,021 

1,270 

3 1,422 

1,296 

967 

Unbuffered and Latest Buffering 

Node 1 

2 

3 

1 598 

1,456 

1,718 

2 1,486 

572 

1,457 

3 1,707 

1,457 

574 


cessors: a dedicated computation pro¬ 
cessor and a dedicated communication 
server processor, all communicating in 
a ring topology. Identical code was dis¬ 
tributed over this network for three cas¬ 
es that differed only in the type of inter¬ 
node buffering scheme employed. Table 
1 shows matrices of actual cross-latency 
measurements for this implementation. 
The control network has three inputs 
and three outputs corresponding to the 
respective robot actuator processors. 
These data underscore the significance 
of buffering strategy in determining the 
communication costs of a given net¬ 
work topology. 


Current strategy for managing signal 
timeliness. Precise control of cross la¬ 
tency in currently available distributed 
processing systems will no doubt re¬ 
main a murky subject for some time to 
come. In the absence of a practicable 
theory, we have been forced to design 
our network topology and buffering 
schemes based on simple rules of thumb. 
Typically, we use unbuffered (block¬ 
ing) communication within “local” mod¬ 
ules that we presume to require 
synchronization and low latency. Com¬ 
munication between these modules, 
where latency is less of an issue, is asyn¬ 
chronous. This both allows for indepen¬ 
dent module development and protects 
against deadlock between multiple con¬ 
nected network elements. When we re¬ 
fer to asynchronous buffer processes, 
we mean a process that presents at its 
output the most recent information it has 
received at its input (latest buffering). 

Designing 

computational 

architectures 

Both control and software engineers 
design systems by developing block di¬ 
agrams that describe the flow of data in 
networks. Distributed systems require 
the additional design of a network to¬ 
pology suitable for instantiating this flow. 


Coordinating these design stages poses 
a significant problem for the system 
integrator. We have adopted the com- 
monsense strategy of trying to match 
the network topology and code distri¬ 
bution as closely as possible to the con¬ 
trol theoretic block diagram. 

Dataflow in a control system. Tran¬ 
scending the specific details of any par¬ 
ticular block diagram, three types of 
data appear to distinguish themselves 
in every control system. First are the 
data that pass between the designed 
controller and the physical plant under 
control — the internally bound sensor 
readings and the externally bound com¬ 
mands. Second, arising in the context of 
distributed implementations, are the 
signals passed from one portion of a 
network to another, required to com¬ 
plete computations of the first type. Fi¬ 
nally, there is information concerning 
the system’s state, which interests the 
user or performance analyst but has no 
intrinsic value with respect to the con¬ 
trol task itself. 

One might loosely associate update 
as a measure most relevant to the first 
data type, cross latency to the second 
type, and mere throughput to the last. 

At the periphery of a control network 
are the I/O processes that handle the 
interface to the physical world. Each 
external device asserts an individual 
physical interface specification neces- 
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sarily including some notion of sam¬ 
pling rate — that is, the frequency at 
which the device must be serviced. Our 
controllers are specifically constructed 
to permit isolating this externally driv¬ 
en dataflow in hardware separate from 
the remainder of the network. In partic¬ 
ular, the I/O board is used to move 
moderate-bandwidth signals between 
the transputer’s memory and the me¬ 
chanical devices while the Cyclops 
boards acquire the high-bandwidth vid¬ 
eo signals from the sensing device. 

From the viewpoint of the remainder 
of the system, an I/O node is simply 
another processor that has been cus¬ 
tomized to present an abstract version 
of the physical device to the system. 
This abstraction of an external device 
via processor customization is, of course, 
merely an extension to hardware of the 
familiar notion of limiting the scope of 
data within a process. 

We further distinguish data types by 
how they are used: Intrinsic data are 
required as part of the control task it¬ 
self, and extrinsic data are created and 
processed to facilitate system debug¬ 
ging and performance evaluation. Our 
hardware does not offer separate chan¬ 
nels for these two data types. However, 
by paying proper attention to network 
topology and — in some cases — at the 
expense of adding more nodes simply to 
increase the available number of inter¬ 
node links, we have been able to use the 
transputer’s on-board DMA engines to 
good effect in creating an intrinsic net¬ 


work that is effectively orthogonal to 
the coexisting extrinsic network. 

The fundamental challenge for the 
system designer is to guarantee that 
intrinsic data is handled in a timely and 
efficient manner. As discussed in the 
previous section, the requirements for 
this are imperfectly understood, so we 
have resorted to commonsense strate¬ 
gies for network topology as well as 
buffering schemes. 

Additionally, the design and devel¬ 
opment process must provide sufficient 
extrinsic data to monitor system perfor¬ 
mance. In particular, a more general- 
purpose communications network is 
needed for delivering operator com¬ 
mands and returning status/logging in¬ 
formation to the host computer system 
for later analysis. Since there are no 
real-time issues involved, we find it prac¬ 
tical to employ unbuffered blocking 
communications schemes. Because the 
real-time dataflow must meet this ex¬ 
trinsic network at some level, it is im¬ 
portant to take precautions to minimize 
the impact on the real-time aspects of 
the system. Our solution to this dilem¬ 
ma is to provide a single “port” (imple¬ 
mented as a process) into each logical 
unit of the “control system” through 
which operation can be monitored and 
commands issued. 

Processor location and process as¬ 
signment. Given an engineering block 
diagram derived from the control view¬ 
point, the task remains of designing its 


network implementation and assigning 
processes to the various network pro¬ 
cessors. The most obvious strategy — to 
match processors (or groups of proces¬ 
sors) and their interconnections to the 
engineering block diagram as much as 
possible — yields at least two benefits. 
First, the assignment of processes be¬ 
comes equally obvious: The processors 
corresponding to a particular block in 
the engineering diagram get assigned 
the software processes associated with 
the block’s function. Second, a natural 
abstraction of function results from de¬ 
tails corresponding to the logic of the 
control scheme itself. In other words, 
each block may be construed as a dis¬ 
tinct network with its own (hidden) lower 
level of intrinsic dataflow, contributing 
only via its I/O data to the intrinsic 
dataflow of the higher level network. 

Figure 3 depicts the four major com¬ 
ponents of our juggling controller: 

• a sensor system (stereo vision cou¬ 
pled with a signal processing sys¬ 
tem), 

• a juggling algorithm (a memoryless 
nonlinear transformation), 

• a robot control system (an inverse 
dynamics algorithm), and 

• a robot interface. 

Figure 4 portrays the hardware wir¬ 
ing diagram of the transputer network 
that implements the controller. The gran¬ 
ularity of our transputer boards affords 
a matchup of roughly one or two pro- 



Figure 4. Spatial juggling system: network diagram. 

















































cessors to each physical device. These 
devices, now represented as logically 
uniform nodes, are patched together 
via geometric and dynamical transfor¬ 
mations implemented on intermediate 
nodes. The resulting network coordi¬ 
nates the reactions of the robot arm to 
the flight pattern of the ball so that the 
juggling behavior emerges reflexively. 

The remainder of this article describes 
the manner in which the processes de¬ 
picted in Figure 3 are associated with 
the processors depicted in Figure 4. 

Juggling environment: 
Striking a ball in flight 

Our approach to juggling requires the 
controller to predict the behavior of the 
ball. Its two relevant properties are flight 
dynamics (how it behaves away from 
the paddle) and impact dynamics (how 
it interacts with the paddle/robot). 

The mathematical models of these 
properties influence the design of both 
the sensing system and the juggling al¬ 
gorithm. 

Modeling the flight dynamics. For sim¬ 
plicity, we chose to ignore the effects of 
friction, spin, and other aerodynamic 


properties and to model the ball’s be¬ 
havior as that of a point mass.Classical 
mechanics teaches us that a point mass 
under the influence of gravity obeys the 
following set of differential equations: 

b x = 0 
b y = 0 

K-~ v 

where b x , b y , and b, are the x, y, and z 
position of the ball respectively and y is 
the acceleration due to gravity (9.8 
meters/second/second). This model of 
the ball’s behavior may also be expressed 
in state space notation as 



where b is a three-vector (b e IR') rep¬ 
resenting the position of the ball, b (the 
ball’s velocity vector) is the time deriv¬ 
ative of b, g = (0,0,-y ) T is the accelera¬ 
tion vector experienced by the ball due 
to gravity, and 7 is the identity matrix. 

Modeling the impact dynamics. The 

ball’s impact behavior is modeled by a 
simplistic (but standard) coefficient of 
restitution law, where the components 
of the ball’s velocity tangent to the plane 
of impact are assumed to remain un¬ 


changed by the impact. For some posi¬ 
tive coefficient of restitution, a, this model 
can be expressed as 

(b'-v'J = -a(b„-v n ) (2) 

where i>' n and v' n denote the normal 
components of the ball and paddle ve¬ 
locities immediately after impact, while 
b n and v„ are the velocities prior to 
impact. Assuming that the paddle is 
much more massive than the ball (or 
that the robot has large torques at its 
disposal), we conclude that the paddle’s 
velocity will remain constant through¬ 
out the impact (v'„ = v„). It follows that 
the coefficient of restitution law can 
now be rewritten as 

b' n = b n +(l+a)(v„-b„) (3) 

Vision: Sensing the 
environment 

In our present implementation we 
have structured the visual environment 
to make the task of locating the ball 
conceptually trivial and computational¬ 
ly tractable. In particular, the vision 
system needs only to extract the three- 



Figure 5. Process diagram for the Cyclops vision system. 
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Figure 6. Detailed timing diagram for the stereo Cyclops vision system. 


dimensional posi¬ 
tion of a single 
brightly illuminat¬ 
ed white ball 
against a black 
background. 

To perform 
even this appar¬ 
ently trivial task 
in real 

quires two camer¬ 
as, one for each 
“eye,” as shown in 
the Figure 5 dia¬ 
gram of our Cy¬ 
clops vision sys¬ 
tem. Each of these 
systems utilizes a 
single video digi¬ 
tizer that services 
two video memo¬ 
ry boards, each 
with an associated XP/DCS processor. 
These four processors perform the low- 
level vision processing at field rate (60 
Hz) as follows. 

At each camera, one processor ex¬ 
tracts data from an image while the 
digitizer fills the frame memory associ¬ 
ated with the other processor. The data- 
extraction procedure includes comput¬ 
ing the centroid (in pixel coordinates) 
of the ball in the image via a simple first- 
order moment computation. Despite the 
simplicity of this computation, we do 
not have sufficient computational ca¬ 
pacity to examine the entire image within 
the 16 milliseconds before the next field 
arrives. Therefore, only a moderate¬ 
sized region of the image is actually 
processed. Computational limitations 
currently allow the system to process 
windows of fewer than 3,000 pixels from 
an image of 123,392 pixels (a 241 x 512 
image). 

Once the low-level pixel processors 
have determined the ball location in a 
pair of images, the system uses stereo 
triangulation to locate the ball’s posi¬ 
tion in space with respect to a fixed 
reference coordinate system. Having 
extracted this location, it is necessary to 
interpret the data and present it in a way 
the remainder of the system can use. In 
this context, “interpret” means produc¬ 
ing smooth and timely estimates of the 
ball’s position and velocity. This is ac¬ 
complished by passing the camera sys¬ 
tem’s output through a filter that imple¬ 
ments a standard linear observer and 
some less orthodox prediction functions 
concerning the discontinuities intro¬ 


duced by impacts, as modeled by Equa¬ 
tion 3. 

Linear observers. An observer is a 
filter specially designed to estimate the 
unknown state of a known linear dy¬ 
namical system from I/O measurements 
only. A time-sampled model of the free- 
flight ball dynamics (Equation 1) is giv¬ 
en by 

--ft?] 

b r =[^g r tf] 

y f =c\ c T = [/ 0] 
g r = [o 0 -y] (4) 

where x e IR 6 (the position and velocity 
of the ball), while y e /i? 3 is only the 
position, and t is the sampling rate 
(1/60-second for our vision system). Pass¬ 
ing y, through a filter defined by 

X w = Ax i + b + k(y i -yj 
y ; =c T x i (5) 

leads to an “error” system given by 

e M = (A + kc')e,. (6) 

where e,- = x ; - x ; . It can be shown that 
if the pair (A.c 7 ) satisfies a particular 
algebraic property (observability), then 
a vector of gains, k, can be found such 
that all the eigenvalues of (A + kc 7 ) lie 
within the unit circle. Thus, the system 
described by Equation 3 will have solu¬ 
tions that asymptotically approach zero, 


and we conclude from the definition of 
e, that x approaches x. Note that the 
well-known Kalman filter is a linear 
observer whose gain matrix, k, has been 
chosen to guarantee a particular type of 
optimal behavior. 

Timing synchronization. Figure 6 
presents a timing diagram that shows 
the vision system adding an unavoid¬ 
able 1/30-second delay between the time 
an image is captured and the time a 
spatial position measurement has been 
formed. Since the ball’s flight model is a 
sufficiently simple dynamical system, 
its future behavior can easily be pre¬ 
dicted with reasonable accuracy by sim¬ 
ple integration. Thus, the unavoidable 
delay introduced by the camera can be 
compensated for by integrating the de¬ 
layed estimates forward in time. 

Finally, our juggling algorithm (pre¬ 
sented later in the section titled “Jug¬ 
gling”) is based on continuous ball in¬ 
formation. Therefore, we must step up 
the slow data rate of the vision system 
(60 Hz) to a rate well over the robot 
system’s bandwidth. Integrating the cur- 
rent-state estimate of the ball forward 
over small time steps allows an increase 
in the data rate from 60 Hz to 1 kHz. 

Note that the synchronous nature of 
these calculations, all of which are car¬ 
ried out on processor 11 in Figure 4, 
ends at the buffer process located be¬ 
tween the observer and the interpola¬ 
tor. This transition from purely syn¬ 
chronous processing allows the data rates 
through the remainder of the system to 
be adjusted independent of the camera. 
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Plant: A three-degree- 
of-freedom direct-drive 
robot 

At the heart of the juggling system 
resides a three-degree-of-freedom di¬ 
rect-drive robot — the Biihgler arm — 
equipped at its end effector with a 
paddle. Three properties of a robot di¬ 
rectly influence the design of its con¬ 
troller: 

• kinematics, the geometric relations 
between the structural members of 
the machine; 

• dynamics, the temporal behavior of 
the machine in response to actuator 
inputs; and 

• its physical interface. 


Robot kinematics. A robot’s kine¬ 
matics describe the position and orien¬ 
tation of the end effector, or gripper, as 
a function of the positions of its joints. 
The geometric properties are specified 
for the entire mechanism — that is, the 
position and orientation of each link in 
the three degrees of freedom are speci¬ 
fied with respect to a fixed world frame 
of reference. Using the conventions of 
Craig, frames of reference are attached 
to each link of the robot, as shown for 
the Biihgler’s arm in Figure 7. 

These frames of reference are used to 
derive the Denavit-Hartenburg param¬ 
eters as a formal description of robot 
kinematics. Table 2 presents the De¬ 
navit-Hartenburg parameters for the 
Biihgler arm. These parameters appear 
in a corresponding set of frame trans¬ 
formations that define the relationships 


Table 2. Denavit-Hartenburg parameters for the Biihlger arm of Figure 7. 


Link No. 

Length (a f _,) 

Twist (flUi) 

Height (d t ) 

Variable (8,) 

1 

0 

0 

0 


2 

0 

-nil 

l 

(h 

3 

0 

it/2 

0 

<?3 



-(/sin q { ) + (-(cos q 3 sin q ,)- cos q t cos q 2 sinq 3 )s 1 +cos q l sin q 2 s 2 
l cos q t + (cos < 7 , cos q 3 - cos q 2 sin q 1 sin q 3 )s 2 + sin q, sin q 2 s 2 
sin q 2 sin q 2 s ] + cos q 2 s 2 
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Figure 8. Position of robot’s “virtual gripper” in the world’s frame of reference. 


between the frames as a function of the 
joint variables (q u q 2 , and q 3 ). 


cos q x 
sin q , 


cos q 2 
0 


0 0 
0 0 
1 0 
0 1 


-sin q 2 -cos q 2 0 0 


cos < 7 3 
0 

sin q } 


-sin q, 
0 


0 


0 0 
-1 0 
0 0 
0 1 


For the geometrically simple (flat) 
paddle on the Biihgler arm, it is conve¬ 
nient to define two additional “joint 
variables,” s, and s 2 , associated with the 
unactuated degrees of freedom created 
by the paddle surface. The position of 
the robot’s “virtual gripper” can then 
be expressed in the third link’s frame of 
reference as 


v s = 


and in the world frame as shown in 
Figure 8 (Equation 7). 

In a similar fashion the unit normal to 
the paddle may be expressed as 

Y 

3 0 
~ 0 
0 

which results in 

cos < 7 , cos q 2 cos q 3 - sin < 7 , sin q 3 
cos q 2 cos < 7 3 sin q x + cos q { sin q 3 

n = 

-(cos q 3 sin q 2 ) 

0 

( 8 ) 

In practice, we generate all these ex¬ 
pressions by specifying the parameters 
in Table 2 and using a commercially 
available symbolic math package (Math- 
ematica from Wolfram Research) to 
derive and simplify the descriptions for 
°p g and °n g . 

The inverse kinematics of a robot arm 
specify the values of the joint variables 
required to realize some specific grip- 
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per position and orientation. By decid¬ 
ing that we will use only the middle of 
the paddle (s, = 0), we can easily con¬ 
struct the inverse kinematics for Equa¬ 
tion 7 as 


(q rf ,q d ), one traditional approach to 
robot control employs a proportional- 
derivative (PD) feedback control law 

't = ^(q-q ri ) + ^ P (q-q rf ) (li) 


4> 

5 

v 

_C_ 



• arctan(b 2 / f>,) 


0 



Robot dynamics. The generally ac¬ 
cepted Lagrangian rigid-body model of 
robot arm dynamics takes the form 

M(q)q + C(q,q)q+g(q)=T (10) 


The PD control law corrects the inputs 
to a plant based upon the differences 
between the desired and actual posi¬ 
tions and velocities, then obtains actua¬ 
tor torque commands based on amplify¬ 
ing these differences by the fixed gain 
matrices, K p and K d , for positions and 
velocities, respectively. All Lagrangian 
dynamical systems, including robot 
Equation 10, fall within the class of non¬ 
linear systems for which PD controllers 
are guaranteed to produce asymptoti¬ 
cally small errors 8 whose magnitude is 
inversely proportional to that of the 
gains. Because of the computational sim¬ 
plicity obtained when K p and K d are 
diagonal, the PD control law (often with 
an additional integral term) is employed, 
almost without exception, in all existing 
industrial robots. 

This control law, however, ignores 


the complicated dynamics of the robot 
arm and may deliver poor high-speed 
performance. It is never practically 
possible to raise the gains past some 
empirically determined level. Thus, 
the theoretically guaranteed “small” 
steady-state errors corresponding to 
stable gain magnitudes may not be 
small enough with respect to the job at 
hand. 

As of this writing, the most widely 
discussed algorithm in the robot control 
literature employs a variant of a second 
traditional approach to trajectory track¬ 
ing — the so-called “inverse dynamics” 
point of view — that has become known 
as the “computed torque” algorithm. 9 
Examination of one version of the com¬ 
puted torque controller 

, t = C(q,q)q + M(q)[q d ] 

+ ^(q-q,/)+^v(q-qJ ( 12 ) 

reveals that the technique proposes to 
exactly cancel the complicated non¬ 
linear terms in Equation 10 and to use 
the traditional engineering technique 


where q = (q u q 2 , q 2 ) T is 
the vector of joint vari¬ 
ables, M( q) arises from 
the inertial properties of 
the links, C(q,q) arises 
from the coriolis and cen¬ 
tripetal forces of motion, 
g(q) arises from the ef¬ 
fect of gravity, and t rep¬ 
resents the forces applied 
to the joints by the mo¬ 
tors. (See the sidebar for 
more information on the 
computational burden of 
robot dynamics.) 

It can be shown that if 
the robot were to track 
exactly the “reference 
signal” (see the section, 
“Juggling”), then colli¬ 
sions with the ball would 
occur in such a fashion 
that the desired periodic 
motion is asymptotically 
achieved. 1 Thus, it falls 
to the robot controller 
to ensure that the joint 
angles, q(r), track the ref¬ 
erence signal, q d (r). 

Nonlinear feedback 
controllers for robot tra¬ 
jectory tracking. Given a 
desired robot trajectory 


Computational burden arising from robot dynamics 

The simplicity of Equation 10 belies the underlying complexity of the model. For the Buhgler 
arm, for example, the (1,1) term of the matrix M( q) takes the form 

1.365 + 0.1408 cos(g 2 ) 2 + 0.0456 cos(q 3 ) + 0.0317 cos(g 3 ) 2 + 0.00507 cos(g 2 ) 2 cos(g 3 ) 2 + 
0.02099 cos(g 2 )sin(q 2 ) + 0.00373 cos(g 2 ) cos(g 3 ) sin(g 2 ) + 0.7242 sin(g 2 ) 2 + 

0.0105142 sin(g 3 ) - 0.0747 cos (q 2 ) sin(g 2 ) sin(g 3 ) + 0.0236 cos(g 3 ) sin(g 2 ) 2 sin(q 3 ) + 

0.00507 sin(g 3 ) 2 + 0.0317 cos(g 2 ) 2 sin(g 3 ) 2 

while the (1,3) term of the matrix C(q,q) is 

(0.0105 cos(g 3 ) - 0.0747 cos(g 2 ) cos(g 3 ) sin(g 2 ) + 0.0236 cos(g 3 ) 2 sin(g 2 ) 2 - 0.0456 sin(g 3 ) - 
0.0532 cos(g 3 ) sin(g 3 ) + 0.0532 cos (qr 2 ) 2 cos(g 3 ) sin(g 3 ) - 0.0037 cos(g 2 ) sin(g 2 ) sin(q 3 ) - 
0.0236 sin(g 2 ) 2 sin(g 3 ) 2 q,+ (-0.001866 cos(g 2 ) cos(g 3 ) - 0.0228 cos (q 3 ) sin(g 2 ) - 
0.02663 cos(g 3 ) 2 sin(q 2 ) + 0.03737 cos (q 2 ) sin(g 3 ) - 0.00525 sin(g 2 ) sin(q 3 ) - 
0.04731 cos(g 3 ) sin(g 2 ) sin(g 3 ) + 0.02663 sin(g 2 ) sin(g 3 ) 2 ) q 2 + (0.005257 cos (q 2 ) cos(g 3 ) - 
0.03737 cos(g 3 ) sin(g 2 ) - 0.0228 cos(g 2 ) sin(g 3 ) - 0.001866 sin(g 2 ) sin(q 3 ))q 3 

As in the case of the kinematics, we generate these expressions using Mathematics. 

These expressions are so complicated that one might imagine them representing merely sec¬ 
ond-order effects influencing the robot’s behavior only slightly. On the contrary; they represent 
coupling forces that typically vary (reasonably quickly) over several orders of magnitude in the 
joint variables. This accounts for our recourse to advanced control techniques that ensure ade¬ 
quate tracking of the challenging reference signals generated by the juggling algorithm. 

To understand the practical impact this has on controller design, consider a typical servo motor 
— a device that has a time constant on the order of 10 milliseconds. While the Nyquist sampling 
rate suggests running the controller at a rate that merely doubles the fastest frequency of the 
system to be controlled, the more common engineering practice is to run at a rate that exceeds 
the fastest by an order of magnitude. Thus, a 1-kHz sampling frequency is considered reason¬ 
able for robot control. 

Expressions of the form presented above incur roughly 10 3 floating-point operations per sec¬ 
ond (flops) for each degree of freedom. Presuming each degree of freedom might be allocated a 
processor, as argued in the introduction, we conclude that the baseline grain size of 1 Mflops is 
appropriate. 
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Figure 9. Biihgler position-error 
mean, plus/minus one standard devia¬ 
tion, of 10 different reference trajec¬ 
tories computed at 10-second intervals 
for three controllers. 


of pole placement on the resulting 
error dynamics. 

This algorithm has the advantage of 
promising excellent tracking perfor¬ 
mance — one can show that the track¬ 
ing errors eventually vanish. It has two 
disadvantages. First, since it includes a 


full model of the robot dynamics (Equa¬ 
tion 10), it is computationally intensive 
and has been only recently implement¬ 
ed exactly in real time. Second, the al¬ 
gorithm requires exact knowledge of 
both the robot kinematic and inertial 
parameters. Unfortunately, inertial pa¬ 
rameters are usually unknown and dif¬ 
ficult to obtain. Without exact robot 
inertial parameters, the promised ad¬ 
vantage of this controller is compro¬ 
mised. To correct deficiencies of the 
computed torque control algorithm in 
the presence of unknown inertial pa¬ 
rameters, several researchers 10 have pro¬ 
posed algorithms that “learn” the ro¬ 
bot’s inertial parameters. 

We have conducted experiments to 
determine the worth of these model- 
based and adaptive-model-based com¬ 
puted torque algorithms in comparison 
to the computationally much simpler 
PD law. 4 Figure 9 summarizes the typi¬ 
cal pattern of our results. This graph 
presents the means and variances in 
tracking errors resulting from 10 very 
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Figure 10. Robot controller process diagram. 



different reference trajectory inputs that 
were switched abruptly (at 60 seconds) 
from one qualitative type (that is, fast 
and at the top of the work space) to a 
very different type (that is, slow and in 
the middle of the work space). 

The statistics suggest that the model- 
based controller in Equation 12 (labeled 
ID in the plot) improves performance 
over the PD law by at least a factor of 
two and that the adaptive version (la¬ 
beled IDA in the plot) improves steady- 
state performance by about a factor of 
two over its fixed-parameter counter¬ 
part. Moreover, this relative ordering is 
not destroyed during the transient peri¬ 
od of adjustment to the new reference 
signal. We conclude that there is good 
reason to introduce the more compu¬ 
tationally intensive model-based con¬ 
trollers. 

Implementation of the model-based 
robot controllers. Currently, all physi¬ 
cal experiments use a robot control sub¬ 
system that has five processors, as shown 
in Figure 10. Small 
input buffer pro¬ 
cesses implement 
nonblocking com¬ 
munication be¬ 
tween these pro¬ 
cessors. The buffer 
processes, situated 
at the inputs to 
each computation¬ 
al process, allow 
the various con¬ 
troller elements to 
receive data from 
each other and oth¬ 
er elements of the 
system asynchro¬ 
nously. In point of 
fact, the present 
controller block to¬ 
pology represents 
a convenient de- 
velopmental 
benchmark rather than our best under¬ 
standing of how to organize this critical 
portion of the overall system. Earlier 
off-line studies of various controller sub¬ 
network topologies, discussed briefly in 
the earlier subsection on controller per¬ 
formance, have shown that this kind of 
code distribution scheme often exhibits 
relatively poor latency properties. Fu¬ 
ture versions of the controller block are 
under development and will employ the 
more efficient subnetwork topology de¬ 
scribed in Btthler et al." 
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Physical interface. Of course, actual¬ 
ly operating a motor invariably differs 
from the abstraction represented by 
Equation 10 for commanding torque 
and monitoring position and velocity. 
Safety issues dictate continuous low- 
level system monitoring to ensure oper¬ 
ation within predefined limits. Physical 
properties of the motors often require 
more action to deliver torques, and 
motor initialization often requires spe¬ 
cial procedures such as the location of a 
“home” position from which to mea¬ 
sure relative positions. The details asso¬ 
ciated with these considerations com¬ 
bine to make the reliable operation of a 
particular actuator system nontrivial. 

Although the particular motors used 
in the juggling system are not individu¬ 
ally difficult to operate, we have chosen 
to associate one processor with each 
motor (processors 01,02, and 03 in Fig¬ 
ure 4), while one additional processor 
(processor 04) services an RS-232 inter¬ 
face to the power amplifiers. This sim¬ 
plifies the system overall at the price of 
some additional hardware. Figure 11 
shows the structure of the software used 
to service each actuator, which is divid¬ 
ed into three processes. 

Juggling 

Our juggling strategy causes the pad¬ 
dle to respond to the motions of the ball 
in four ways: 

(1) The paddle tracks under the ball 
at all times. 

(2) The paddle “mirrors” the ball’s 
vertical motion as expressed by the orig¬ 
inal planar mirror law. 1 

(3) The ball’s radial motion causes 
the paddle to raise and lower, resulting 
in adjustment of the normal to correct 
for radial deviation in the ball position. 

(4) Lateral ball motion causes the 
paddle to roll, again adjusting the nor¬ 
mal to correct for lateral position er¬ 
rors. 

In particular, we first transform joint 
space coordinates according to Equa¬ 
tion 9, then compute 

r| = yb-+|(v) P = \ b ] + b 2 y -l 2 
(13) 

the ball’s total vertical energy (modulo 
its mass) and its radial position. The 
complete mirror law combines these two 
measures with a set point description 
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Figure 12. The juggling algorithm, where (1), (2), (3), and (4) correspond to the 
four points in the juggling strategy. 


(rj, p, and ty) to form the function 
shown in Figure 12 (Equation 14), where 
(1), (2), (3), and (4) correspond to the 
four points of the juggling strategy, q d is 
the vector of reference commands for 
the robot joints, and the k ’s are various 
gains adjusted to ensure the stability of 
the system. A reference velocity, q d , 
and acceleration, q d , are also generated 
by evaluating the symbolic derivatives 
of this expression. Note that this does 
not represent an implementation diffi¬ 
culty since b and b are both available. 

The implementation of this algorithm 
consists of a single process that evalu¬ 
ates q d , q. rf , and q d whenever new ball 
information is received from the inter¬ 
polator. Setting the interpolation time 
constant dictates the rate at which this 
computation is carried out and, there¬ 
by, the rate at which the reference com¬ 
mands to the robot controller are up¬ 
dated. 


T he ultimate proof of concept 
lies in successful function. By 
this measure, our algorithms 
and their arrangement on this embed¬ 
ded controller are hugely successful. We 
typically log thousands and thousands 
of impacts — a continuous vertical one- 
ball juggle that lasts several hours — 
until some random imperfection in the 
paddle knocks the ball out of the ro¬ 
bot’s work space and the juggling stops. 
Moreover, the robot generally recovers 
from human-induced midflight distur¬ 
bances, assuming that the ball remains 
in the work space. 

We are encouraged to believe that 
there is something empirically valid 
about “geometric programming” — 
that is, encoding higher level goals in 
terms of mathematical functions — for 
specifying behavior. Not accidentally, 
this style of programming is well adapt¬ 
ed to implementation in a message¬ 
passing environment. In turn, the CSP 
model of computation fits naturally into 
the medium-grained processor frame¬ 


work required to distribute computa¬ 
tion down to the layer of physical pro¬ 
cesses that we consider most effective. 

As more systematic process-distribu¬ 
tion and communication-management 
techniques become available, it should 
become possible to extend the theoret¬ 
ical performance guarantees associated 
with our control algorithms to their im¬ 
plementation in embedded real-time 
distributed computer networks. ■ 


Acknowledgments 

Suggestions by Geoffrey Brown, Bud 
Mishra, and John Stankovic have helped 
improve the focus and presentation of this 
article. 

Martin Biihler was largely responsible for 
the original conception anddesignof the XP / 
DCS system as well as the Yale Biihgler 
robot. We thank him for his advice and assis¬ 
tance in the present study. 

This work was supported in part by SGS 
Thomson-Inmos Corporation, the Superior 
Electric Corporation, GMF Robotics Cor¬ 
poration, and the National Science Founda¬ 
tion under a Presidential Young Investigator 
Award held by Daniel E. Koditschek. 


References 

1. M Biihler, D.E. Koditschek, and P.J. 
Kindlmann, “A Family of Robot Control 
Strategies for Intermittent Dynamical 
Environments,” IEEE Control Systems 
Magazine , Vol. 10, Feb. 1990, pp. 16-22. 

2. G.R. Andrews and F.B. Schneider, “Con¬ 
cepts and Notations for Concurrent Pro¬ 
gramming,” ACM Computing Surveys, 
Vol. 15, No. 1, Mar. 1983, pp. 3-43. 

3. C.A.R. Hoare, Communicating Sequen¬ 
tial Processes, Prentice-Hall, Englewood 
Cliffs, N.J., 1985. 

4. L.L. Whitcomb, A.A. Rizzi, and D.E. 
Koditschek, “Comparative Experiments 
with a New Adaptive Controller for Ro¬ 
bot Arms,” Ini'l Conf. Robotics and Au¬ 
tomation, IEEE CS Press, Los Alamitos, 
Calif., Order No. 2163, pp. 2-7. 

5. P. Hsu and S. Sastry, “The Effect of Dis¬ 
cretized Feedback in a Closed-Loop Sys¬ 
tem,” Proc. 26th Conf. Decision and Con- 


May 1992 


23 













trot, IEEE Press, Piscataway, N.J., 1987, 
pp. 1,518-1,523. 


6. D.P. Bertsekas and H.N. Tsitsiklis, Par¬ 
allel and Distributed Computation, Pren¬ 
tice-Hall, Englewood Cliffs, N.J., 1989. 

7. K. Arvind, K. Ramamritham, and J.A. 
Stankovic, “A Local Area Network Ar¬ 
chitecture for Communication in Dis¬ 
tributed Real-Time Systems,” J. Real- 
Time Systems, Vol. 3,1991, pp. 115-147. 

8. D.E. Koditschek, “Robot Control Sys¬ 
tems,” Encyclopedia of Artificial Intelli¬ 
gence, S. Shapiro, ed., John Wiley & Sons, 
New York, 1987. 

9. J.Y.S. Luh, M.W. Walker, and R.P. Paul, 
“Resolved Acceleration Control of Me¬ 
chanical Manipulators,” IEEE Trans. 
Automatic Control, Vol. AC-25, 1980, 
pp. 468-474. 

10. J.-J.E. Slotine and J.J. Craig, “Adaptive 
Trajectory Control of Manipulators,” in 
Robotics Review, O. Khatib, J.J. Crag, 
and T. Lozano-Perez, eds., MIT Press, 
Cambridge, Mass., 1989, pp. 367-377. 

11. M. Biihler et al., “A New Distributed 
Real-Time Controller for Robotics Ap¬ 
plications,” Proc. 34th Compcon, IEEE 
CS Press, Los Alamitos, Calif., Order 
No. 1909,1989, pp. 63-68. 


Alfred A. Rizzi is a 

research associate and 
PhD candidate at Yale 
University. He received 
the ScB degree in elec¬ 
trical engineering from 
MIT in 1986. From 1986 
to 1988 he worked as a 
designer in the aero¬ 
space industry. In 1988 
he returned to graduate school at Yale, 
where he received the MSc in electrical 
engineering. 

His research interests include the study of 
robot systems capable of dynamical dexter¬ 
ous manipulation, and the theory and imple¬ 
mentation of distributed real-time robot con¬ 
trollers. He is a member of the IEEE. 


Louis L. Whitcomb is a 

research associate and 
PhD candidate at the 
Yale Robotics Labora¬ 
tory. He obtained his BS 
in mechanical engineer¬ 
ing from Yale in 1984. 
From 1984 to 1986 he 
was a member of the re¬ 
search and development 
staff of GMFanuc Robotics, Detroit, Michi¬ 
gan. 

His research interests are in theory and 
implementation of distributed computation¬ 


al architectures for real-time robot control; 
theory, implementation, and experimenta¬ 
tion with adaptive control of robot manipu¬ 
lators; and automated assembly via artificial 
potential functions. He is a member of the 
IEEE. 


Daniel E. Koditschek 

was appointed assistant 
professor of electrical 
engineering at Yale in 
1984, where he is pres¬ 
ently an associate pro¬ 
fessor. He received his 
BS in 1977 in engineer¬ 
ing and applied science 
and his PhD in 1983 in 
electrical engineering from Yale University. 

His research interests include the applica¬ 
tion of dynamical systems theory to autono¬ 
mous-machine design, nonlinear control the¬ 
ory, and the application of computational 
theory and hardware to feedback control of 
physical processes. He is a member of the 
AMS, SIAM, ACM, and IEEE. 


Readers may contact Daniel E. Koditschek 
at the Center for Systems Science, Dept, of 
Electrical Eng., Yale Univ., PO Box 1968 
Yale Station, New Haven, CT 06520-1968; e- 
mail koditschek@cs.yale.edu. 





Command A Leading Edge 
~ rss ^In Computer Researdi^ 


RESEARCH MANAGER 



The Institute of Systems Science is a leading computer research laboratory in the 
Pacific region with close to 100 research staff. We are looking for an experienced 
research manager from an internationally renowned research laboratory who 
can provide technical leadership at the Institute. 

Our objectives are two-fold: a) To carry out world-class research in the field of 
Information Technology and b) To carry out significant technology transfer with 
local and international corporations. The research focus of the Institute 
broadly covers three strategic areas: 


Specific projects include Virtual Environments, Video Classification, Image 
Processing, Scientific Visualization, Information Retrieval, Neural Networks, 
Fuzzy Logic, Text Processing, High Speed Networks, Distributed Computing 
and Parallel Computing. The Institute has embarked on a number of joint 
projects with the local industry in Singapore and overseas. These include 
Computer Aided Translation with IBM; Pattern Recognition with the Port of 
Singapore Authority; Connedionist Expert System Shell with Singapore 
Airlines; and Text Abstraction with the Ministry of Defence. 


The 1SS invites nominations and applications for Research Manager. This is a 
senior management position. The candidate is likely to have directed major 
research programs in a leading national, corporate or university research laboratory. 
Candidates for the position must be capable of contributing significantly to the 
current research programs at the ISS, providing leadership in developing 
collaborative research with international corporations, research laboratories and 
universities. Applicants must have an outstanding research record and be 
committed to thedevelopmentofanintemationallyrecognisedresearchprogram. 

We offer attractive remuneration and fringe benefits including subsidised 
housing, medical benefits, education allowances and loan schemes. 

If you wish to play a leadership role in developing a world-class research 
institute, please send your resume under confidential cover to the Director, 
Institute of Systems Science, National University of Singapore, Heng Mui Keng 
Terrace, Kent Ridge, Singapore 0511, Republic of Singapore or fax to the 
Director at (65) 775-0938, or e-mail ISSSEC@NUSVM.B1TNET. 


INSTITUTE OF 
SYSTEMS SCIENCE 


NATIONAL UNIVERSITY 
OF SINGAPORE 




















INTERNATIONAL CONFERENCE ON FIFTH GENERATION COMPUTER SYSTEMS 1992 
JUNE 1 (Mon.)-5 (Fri.), 1992 TOKYO, JAPAN 

The FGCS Conference, with three predecessors held in 1981, 1984 and 1988. It has received high 
ratings as an event that provides an opportunity for many distinguished scholars, top-class research 
engineers, and high caliber business and government people to gather from all over the world to report 
research results and exchange opinions. We look forward to your participation in the conference. 


GENERAL INFORMATION 

HOST: 

Institute for New Generation Computer Technology 
(ICOT) 

SUPPORT: 

Ministry of International Trade and Industry 
COOPERATION: 

• Information Processing Society of Japan 

• The Institute of Electronics, Information and 
Communication Engineers 

• Japanese Society for Artificial Intelligence 

• Japan Society for Software Science and Technology 

• IEEE Computer Society ® 

• The Association for Computing Machinery 3CTT1 

• The Association for Logic Programming 

DEMONSTRATION: 

The final research results of the Japanese FGCS project 
will be demonstrated. 

REGISTRATION FEE: 

¥110,000 (general) 

¥ 10,000 (student) 

APPLICATION: 

Those who wish to make a registration for the confer¬ 
ence, please request Registration Form to the Secre¬ 
tariat. 

ORGANIZATION: 

Conference Committee 
Conference Chairperson: Hidehiko Tanaka, 

Univ. of Tokyo 

Vice-Chairperson: Koichi Furukawa, ICOT 
Program Committee 

Chairperson: Hozumi Tanaka, Tokyo Institute of 
Technology 

The Program Committee members are composed of 66 
members from 8 countries. 


CONFERENCE SCHEDULE 

PLENARY SESSIONS Jun. I^Jun. 2 

• OPENING SESSION 

• INVITED LECTURES 
Dines Bjorner 

(Director Designate of International Institute for 
Software Technology, The United Nations Univ., 
Denmark) 

J.A. Robinson 
(Syracuse Univ., U.S.A.) 

• REPORT ON ICOT RESEARCH RESULTS 
TECHNICAL SESSIONS Jun. 3^Jun. 5 

• INVITED LECTURE 
C.A.R. Hoare 
(Oxford Univ., U.K.) 

• INVITED PAPERS 

Raymond Reiter (Univ. of Toronto, Canada) 

William Dally (MIT, U.S.A.) 

Ivan Bratko (Josef Stefan Institute, Yugoslavia) 

• PRESENTATION of about 90 papers selected from 
256 submitted papers 

Foundations 

Architectures & Software 
Applications & Social Impacts 
ICOT Research Topics 

• PANEL DISCUSSION 

A springboard for information processing in the 21st 
century 

• DEMONSTRATIONS 

Parallel inference machine (PIM) 

Basic software 

Knowledge processing software 
Experimental parallel application software 


FGCS'92 Secretariat: 


Institute for New Generation Computer Technology (ICOT) 

Mita Kokusai Bldg. 21F, 1-4-28 Mita, Minato-ku, Tokyo 108, Japan 
Phone: +81-3-3456-3195 E-mail: fgcs92@icot.or.jp 
Fax: +81-3-3456-3158 Telex: 32964 ICOT J 










NOTICE TO NATURALIZED CITIZENS FROM, OR 

WHO HAVE RESIDED FOR A SIGNIFICANT PERIOD 

OF TIME IN, THE FOLLOWING COUNTRIES: 

Afghanistan, Albania, Angola, East Berlin, Bulgaria, Cambodia (Kampuchea), Cuba, 
Czechoslovakia, Estonia, Ethiopia, German Democratic Republic (East Germany), 
Hungarian People’s Republic (Hungary), Iran, Iraq, Democratic People’s Republic of Korea 
(North Korea), Laos, Latvia, Libyan Arab Republic, Mongolian People’s Republic (Outer 
Mongolia), Nicaragua, People’s Republic of China, Poland, Rumania, Southern Yemen, 
Syria, Union of Soviet Socialist Republics, Democratic Republic of Vietnam (North Vietnam), 
South Vietnam, Yugoslavia, the Kurile Islands and South Sakhalin (Karafuto). 


YOU MAY HAVE BEEN THE VICTIM 
OF UNCONSTITUTIONAL DISCRIMINATION 

BASED ON YOUR NATIONAL ORIGIN 


If you are a naturalized United States citizen 
and your country of origin is included 
above, or you resided in one of these coun¬ 
tries for a significant period of your life, the 
Department of Defense (DoD) or a DoD 
contractor may have unlawfully denied you a 
security clearance or employment, promo¬ 
tion, fellowship or scholarship that required 
a security clearance, or asked you to apply 
for a Limited Access Authorization, as a 
result of DoD’s enforcement of a regulation 
which denied security clearances to newly 
naturalized United States citizens from these 
countries or who resided in these countries 
for a significant period. 

The DoD and DoD contractors acted 
pursuant to a regulation that became effec¬ 
tive on January 2, 1987. Although DoD 
rescinded the regulation on February 12, 
1988, it may have been applied after that 
date. The United States District Court for 
the District of Columbia has declared the 
regulation unconstitutional and perma¬ 


nently enjoined the DoD from enforcing it. 
Huvnhv. Chenev . 87-3436 TFH (D.D.C. 
March 14,1991). 

If you are a naturalized citizen and you 
believe you have been adversely affected by 
the enforcement of the regulation on or 
after January 2,1987, you may have certain 
legal rights. For further information, you 
should contact the United States 
Department of Justice Office of Special 
Counsel for Immigration Related Unfair 
Employment Practices (OSC), by calling 
1-800-255-7688 or (202) 653-8121; 1-800- 
237-2515 or (202) 296-0168 (TDD device 
for the hearing impaired); or by writing to 
OSC, P.O. Box 65490, Washington, D.C. 
20035-5490. The OSC will provide infor¬ 
mation and help you process a claim free of 
charge. The opportunity to pursue these 
rights is subject to certain time limits, so if 
you believe the regulation was applied to 
you, contact the Office of Special Counsel 
as soon as possible. 
















A Very High Speed 
Architecture for 
Simulated Annealing 


David Abramson 

Commonwealth Scientific and Industrial Research Organisation 


Simulated annealing 
algorithms for 
scheduling are often 
extremely slow, even 
on workstations or 
supercomputers. 
Special-purpose 
architectures 
implemented on low- 
cost PC boards can 
speed annealing 
dramatically. 


cheduling is a common requirement in many organizations. The tradi- 
tional solution — manual scheduling by experts — is time-consuming and 
expensive. Computer-based intelligent systems have the potential to 
assist in scheduling operations, but few good robust optimization algorithms exist 
that can be applied in many different problem domains. Most real-world problems 
are highly nonlinear, and many problems have an exponential solution time 
complexity. Thus, simple linear operations-research algorithms or state-space 
searches are often ineffective. 

Kirkpatrik, Gelatt, and Vecchi first suggested simulated annealing as an optimi¬ 
zation technique for complex nonlinear optimization problems. 1 This technique 
has been applied to many different problems with remarkable success. 2 Important¬ 
ly, annealing prevents searches from becoming trapped in local minima by allow¬ 
ing them to occur in areas of higher energy, according to the substance’s temper¬ 
ature. Unlike hand-tailored heuristics, most annealing schedules contain no specialist 
knowledge about how to solve a particular problem. Thus, the technique can be 
applied to many different problem domains without substantial changes to the core 
algorithm. 

Here, I present a class of scheduling problems that can be modeled by using very 
simple cost measures: counting costs and distance-measure costs. These measures 
can be easily incorporated into a simulated annealing algorithm, providing a 
robust system for solving such scheduling problems. 

Annealing’s major disadvantage is that it can be extremely slow. Solving a 
complex system may require a very slow cooling rate and thus a solution that uses 
much processor time. Because of this, simulated annealing has not been widely 
accepted as an optimization algorithm for lo^v-cost intelligent planning and sched¬ 
uling systems, and much discussion about using parallel computers to accelerate 
annealing techniques has occurred. Some parallel systems, in fact, achieve close to 
ideal speedup on small processor arrays. 3 ' 8 

I describe an alternative technique to speed annealing: a special-purpose com¬ 
puter architecture that supports the simulated annealing of scheduling problems 
based on counting costs and distance-measure costs. I illustrate an application with 
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Theory of simulated annealing 


Simulated annealing is a Monte Carlo technique for finding 
solutions to optimization problems. (Van Laarhoven and Aarts 
review the theory and practice. 1 ) The technique simulates the 
cooling of a collection of hot vibrating atoms. When the atoms 
are at a high temperature, they are free to move around and 
tend to move with random displacements. However, as the 
mass cools, interparticle bonds force the atoms together. 
When the mass is cool, no movement is possible and the 
configuration is frozen. If the mass is cooled quickly, the 
chance of obtaining a low-cost solution is lower than if it is 
cooled slowly (or annealed). 

At any given temperature, a new configuration of atoms is 
accepted if the system energy is lowered. However, if the en¬ 
ergy is higher, the configuration is accepted only if the proba¬ 
bility of such an increase is lower than that expected at the 
given temperature. This probability is given by p(A£) = e~ &e,la , 
where K is Boltzmann’s constant. These acceptance criteria 
are based on the physics of annealing. 1 

Many optimization problems can be considered as a num¬ 
ber of objects that must be scheduled to minimize an objec¬ 
tive function. Objects replace vibrating atoms, and the value 


of the objective function replaces the system energy. An ini¬ 
tial schedule is created by randomly scheduling the objects, 
and an initial cost (c 0 ) and temperature (T 0 ) are computed. 
Subsequent permutations are created by randomly choosing 
a number of objects, rearranging them, and computing a 
change in cost (Ac). If Ac < 0, the change is accepted. How¬ 
ever, if Ac > 0, the change is accepted with probability P(Ac) 

_ e -4c/r 

If the probability is greater than a randomly selected value 
in the range 0 to 1, the change is accepted. The most com¬ 
mon technique for choosing a random number is to use a 
pseudorandom uniformly distributed variable on the unit inter¬ 
val. After a number of successful permutations, the tempera¬ 
ture is decreased by a cooling rate R such that T„ = T„_, * R, 
where 0 < R< 1, and Tis a real number. This scheme is 
called a geometric cooling schedule. 1 


Reference 

1. P.J.M. van Laarhoven and E.H.L. Aarts, Simulated Annealing: 
Theory and Applications, Kluwer Academic, Boston, 1987. 


a case study based on the school timeta¬ 
ble scheduling problem. A high-speed 
architecture that I constructed runs the 
algorithm on an IBM PC between 30 
and 80 times faster than on a Cray Y- 
MP, at a fraction of the cost. Computer 
Techniques P/L has incorporated the 
architecture into an intelligent system 
that assists school administrators in plan¬ 
ning class timetables. 

Counting and distance- 
measure costs 

Scheduling problems usually involve 
mapping a number of objects into some 
region of solution space to minimize a 
global cost measure. For example, sched¬ 
uling flight crews to aircraft requires 
mapping crew members onto planes so 
that 

•any crew member is on only one 
flight at a time, 

• crew members can connect to re¬ 
quired flights, and 

•many other real-world constraints 
are met. 

To measure the quality of a solution, 
a cost function is devised that measures 
the seriousness of broken constraints. 
In many problems, this cost can be com¬ 
posed of two basic measures. First, so¬ 
lution quality concerns the number of 


times a certain object appears in a par¬ 
ticular part of the solution space. For 
example, a crew member can be in only 
one place at a time. To measure this 
type of cost requires only a count of 
occurrences of that object in each part 
of solution space. Thus, this cost mea¬ 
sure is called a counting cost. Second, 
solution quality concerns 

• the relationship between one object 
in solution space and another object 
(or objects), or 

• the object’s absolute position in so¬ 
lution space. 

For example, an aircraft crew mem¬ 
ber may be unhappy on a given flight if 
his or her spouse is on another flight, or 
a crew member may not like early morn¬ 
ing flights. Measurement of this type of 
cost requires the location of other ob¬ 
jects in the solution space, together with 
a cost relationship between points in 
space. Thus, this cost measure is called 
a distance-measure cost, because it con¬ 
cerns the distance between objects in 
space. 

Counting and distance-measure costs 
have an important attribute: We can 
compute the change in global cost func¬ 
tion after a single permutation of the 
schedule by computing an incremental 
cost for each cost measure. (The an¬ 
nealing hardware later described uses 
this feature extensively.) 


School timetable 
problem 

The problem of creating a valid 
timetable involves scheduling classes, 
teachers, and rooms to the periods of 
the week so that no teacher, class, or 
room is used more than once per peri¬ 
od. 910 A particular combination of a 
teacher, a subject, a room, and a class is 
called a tuple, and a tuple may be re¬ 
quired more than once per week. The 
problem is further complicated by con¬ 
secutive periods requests, which demand 
that certain tuples are mapped onto ad¬ 
jacent periods, but are not separated by 
a lunch or recess break. Figure 1 shows 
a sample timetable, with the counting 
and distance-measure costs illustrated. 

This short introduction shows that 
the school timetable problem exhibits 
the two basic cost measures described 
in the previous section: The number of 
occurrences of any class, teacher, or 
room in any period must be con¬ 
strained, and the placement of some 
tuples relative to other tuples is impor¬ 
tant. 

The problem can be described using a 
slightly more formal notation. Given a 
number of tuples in a schedule, 

TT=m-x l ,u,r l ,p l ), 

(T2:c 2 , f 2 , r 2 ,p 2 ), • • •} 

find a mapping such that 
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Global_cost = X bound(count(c , p)) for all (0 < p < P] {0 < c < C) + 
X bound(count(/,, p)) for all [0 < p < P) {0 < t < T } + 
X bound(count(r r , p)) for all {0 < p < P) (0 < r < /?( + 

Xadjacent(x, y) - should_be_adjacent(x, _y)l 
for all {1 <x<N, 1 <y <A} 


Figure 2. Definition of a global cost that measures the number of broken con¬ 
straints. 


ACost = saving(c„, p) + saving(t„, p) + saving(r„, p) - 

insertion(c„, p') - insertion(f„, p') - insertion(r„,p') + 
adjacent(«', neighbor(rc')) - adjacent((n, neighbor(n)) 


Figure 3. Incremental computation of the change in cost. 


count(c,,p)<2, {0<p</ > } (0<c<C), 
count(r, ,p) <2, (0<p <P) (0< t< T }, 
count(r r ,p) < 2, {0 <p < P] {0 < r < R) 

and 

adjacent^.y) = 

should_be_adjacent(x, y), 

[\<x<N,\^y^N) 

Given that the class, teacher, and room 
fields of the tuples are fixed, this amounts 
to finding a period value in each tuple. 
A global cost that measures the number 
of broken constraints is defined in Fig¬ 
ure 2, where T„ is the tuple name, t„ is 
teacher number n, C is the number of 
classes, c„ is class number n, r n is room 
number n, T is the number of teachers, 
p n is the period, P is the number of 
periods, N is the number of tuples, C is 
the number of classes, and R is the num¬ 
ber of rooms. Then 

adjacent(x, y) returns 1 if tuple x 
and tuple y are in adjacent 
periods and y <> 0 else 0 
shouldjbe adjacent(x, y) returns 1 
if tuple x is required to be 
adjacent to tuple y else 0 
neighbor(x) returns the number of 
the tuple that should be adjacent 
to x\ 0 if no tuple 

count(x, p) = the number of times x 
appears in period p 
bound (jc) = 0 if x < 2 else x 

A perfect schedule will have a cost of 
zero. This analysis shows that count is a 
counting cost, and adjacent is a dis¬ 
tance-measure cost. Further, if we 
change the schedule TT by altering the 
period p of an arbitrary tuple (T„:c„, t n , 
r„, p) to form a new tuple t„, r n , 

p'), we can compute the change in cost 
incrementally as shown in Figure 3, 
where 

savingfjc, p) = 1 if count(x, p) > 1 
else 0 and 

insertion^, p) = 1 if count(x, p) > 0 
else 0. 

Gate allocation 

Another scheduling problem common 
in transportation is the mapping of trans¬ 
port units to loading and unloading bays. 
An example is the assignment of vari¬ 
ous aircraft to airport terminal gates. 
The problem is complicated because 


flights arrive and depart at arbitrary 
preset times. An aircraft can be held at 
only one gate at any point in time, and 
some aircraft can be placed only at spe¬ 
cific gates because of physical limits. 
We can model this type of constraint 
with a counting cost because we need 
counts of which aircraft are mapped 
onto which bays. If an aircraft cannot be 


housed at a certain gate, the count can 
be initialized to “pretend” that an air¬ 
craft is already present, and thus no 
more aircraft can be accommodated. 
Inter-aircraft constraints can prohibit 
certain plane types from being parked 
on adjacent bays and can also request 
that certain linking flights are placed 
close to each other to facilitate passen- 
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Figure 4. The gate-allocation problem (a) and sample Gantt chart (b). 


ger movement. This latter type of con¬ 
straint can be modeled with a distance- 
measure cost. Figure 4a shows a sample 
airport with the constraints described, 
and Figure 4b shows a sample Gantt 
chart of the optimized mapping. 

We can phrase the problem using the 
formal description in the previous ex¬ 
ample. Given a number of flights/, the 
problem is composed of tuples that ar¬ 
rive and depart at prefixed times a„ and 
d„, to which we must allocate gates g„ at 
the terminal: 

f={(n:a 1 ,d i ,g 1 ),(T2:a 2 ,d 2 ,g 2 ),...} 

Each tuple can be decomposed into a 
number of smaller tuples containing a 


time-interval number between the ar¬ 
rival and the departure times, each of 
which is mapped into the same gate: 

/=((n.l:r 1 ,g 1 ),(n.2:f 2 ,g 1 ),(n.3:t 3 ,g 1 ). 

(72.1:? 4 , g 2 ), (72.2:? 5 , g 2 ), 

( T23:t 6 , *),... N tuples} 

Thus, ?,. . . f 3 is a discrete sequence of 
times between a } and d x , and t 4 ... t 6 is 
a discrete sequence of times between a 2 
and d 2 . 

We can use distance-measure costs to 
guarantee that the smaller tuples are 
grouped on the same gate, as well as to 
guarantee that intraflight constraints are 
not broken. We find a mapping such 
that 


count!?, g) < 2, {0 < t < T\ {0 < g < G} 

notadjacent(x, y ) = should_not_ 
be_ adjaccnt(x, y ), {1 5 x < N, 

1 <y<N] 

samegate( v, y) = should_be_ 
samegate(x, y), (1 < x < N, 
l<y < N] 

As in the last example, we can define 
a global cost that measures the number 
of gate time slots that contain more 
than one aircraft, as well as the number 
of broken adjacency constraints as shown 
in Figure 5, where a„ is the arrival time 
of flight n,g„ is the gate number used for 
flight n,d„ is the departure time of flight 
n,N is the total number of tuples, and G 
is the number of gates. A perfect sched¬ 
ule will have a cost of zero. 

This analysis shows that count is a 
counting cost, and notadjacent and 
samegate are distance-measure costs. 
Further, if we change the schedule/by 
altering the gate g of an arbitrary tuple 
(T n : ?„, g) to form a new tuple ( T n .:t n ,g'), 
the change in cost can be computed 
incrementally as shown in Figure 6, 
where 

saving(f, g) = 1 if count (?, g) > 1 
else 0 

insertion!?, g) = 1 if count!?, g) > 0 
else 0 

neighborsl!?) returns the 
identification numbers of the 
tuples that have adjacency 
constraints with tuple ?. 

neighbors2(?) returns the 
identification numbers of the 
tuples in the next and previous 
time slots for the same gate. 


Global_cost = X bound(count(?, g)) + 

Z!notadjacent(x, y) - should_not_be_adjacent(x, y)l + 

X lsamegate(x, y) - should J>e same_gate(x, y)l 
for all (1 £ x <; N, 1 < y < N, 0 < ? < T, 0 < g S G) 

Figure 5. Definition of a global cost that measures the number of gate time slots. 


ACost = saving(?„, g) - insertion!?,,, g') + 

notadjacent(n', neighborsl(n')) - notadjacent((n, neighborsl(n)) + 
samegate!/;', neighbors2(«')) - samegate((/;, neighbors2(n)) 

Figure 6. Second incremental computation of the change in cost. 
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Machine-job allocation 

Another classic scheduling problem 
is machine-job allocation. Many algo¬ 
rithms solve this problem, 11 but it is 
useful to consider the application of 
counting and distance-measure costs in 
this domain. The scheduling task con¬ 
sists of mapping machines to jobs so 
that each machine performs only one 
task at a time and the most appropriate 
machine performs each job. The latter 
is measured by an arbitrary cost func¬ 
tion, which should be minimized in the 
final allocation. 

We can map the problem onto the 
counting and distance-measure costs. 
Because any machine can perform only 
one job at a time, a counting cost is 
required to limit the number of jobs to 
any machine. We use a distance-mea¬ 
sure cost to measure the cost of any 
particular assignment. In the previous 
examples, the distance-measure cost had 
a value of 0 or 1. In this scheduling 
problem, we want a higher resolution, 
so we denote the cost by a small integer 
(for example, an integer between 0 and 
15). The aim of the schedule is to mini¬ 
mize the total assignment cost. 

Optimization with 
simulated annealing 

In the general form, a scheduling prob¬ 
lem can be viewed as a collection of 
tuples with each tuple composed of a 
number of fixed fields and a number m 
of modifiable fields. Thus, any individ¬ 
ual tuple has the form T(x, y,z,... ,P U 
P 2 ,..., P m ). The optimization task is to 
find values for all modifiable fields that 
satisfy the counting and distance-mea¬ 
sure constraints. Annealing can be ap¬ 
plied for optimization in all three prob¬ 
lems cited in the previous sections. 

Applying simulated annealing. Fig¬ 
ure 7 summarizes the basic simulated 
annealing algorithm. At each tempera¬ 
ture, the algorithm applies a number of 
trials until the substance achieves ther¬ 
mal equilibrium. 2 The simplest scheme 
is to iterate for some fixed, predeter¬ 
mined number of trials at each temper¬ 
ature. If the tuples have a number of 
modifiable fields, only one is chosen at 
any iteration. A new tuple field value is 
chosen at random, and the change in 
cost is computed. If the change is ac- 


Compute an initial temperature 

while (cost <> 0) and timetable not frozen repeat 

repeat some constant number of times 

Choose a tuple T n (x, y, z ,..., P . P „,..., P m ) 

Decide which modifiable field to alter from 1 to m. Called a. 
Choose a new field value for P a called P fl - 
Evaluate the cost of removing this tuple from P a 
Evaluate the cost of inserting this tuple into P a . 

Compute change in cost 
if (change in cost < 0) or 

(change in cost is acceptable at this temperature) 
then accept change and update cost 
compute new temperature 


Figure 7. Sequential simulated annealing algorithm. 


cepted, the tuple is altered to contain 
the new modifiable field value; other¬ 
wise, the tuple is left unaltered. The 
algorithm uses the incremental cost¬ 
changing formulas computed in the pre¬ 
vious sections. 

A parallel algorithm. Using a parallel 
algorithm 3 ' 8 rather than the sequential 
one shown in Figure 7 speeds simulated 
annealing. The serial algorithm performs 
each permutation of the tuples sequen¬ 
tially and either accepts or rejects the 
new configuration. It does not generate 
a new configuration until the previous 
one is completed. Flowever, a parallel 
algorithm can perform multiple permu¬ 
tations concurrently if each permuta¬ 
tion is independent of the others. Else¬ 
where, I present results from a parallel 
execution of the program. 9 On aver¬ 
age, the speedup was about 50 percent 


of optimal for a small number of pro¬ 
cessors (fewer than 10). Although the 
parallel algorithm shows reasonable 
speedup, it still falls short of the times 
required for simulated annealing in an 
intelligent system. For example, solv¬ 
ing real school problems was taking 
days of processor time on convention¬ 
al workstations. In the next section, I 
present a different approach to accel¬ 
erating the algorithm. 

An annealing machine 

When applied to the scheduling prob¬ 
lems described here, a software imple¬ 
mentation of the simulated annealing 
algorithm is slow for two reasons: 

• The code is executed sequentially. 
Each time the algorithm computes a 


Performance of special-purpose architectures 

Research projects around the world are looking for cheaper ways to provide 
high-speed computing systems, either for the general-purpose computing market 
or for special-purpose niche applications. For example, in the general-purpose 
computing market a plethora of parallel computers is now available. 

High-performance special-purpose architectures are also an active area of re¬ 
search. Such architectures show promise for solving computationally expensive 
applications without expensive supercomputers, and range from specially de¬ 
signed computer architectures to multiprocessors specifically configured to 
match a given problem’s structure. Examples include architectures for solving 
finite-element computations, digital signal processing multiprocessors, artificial 
intelligence processors, and encryption architectures. Technical advances in 
areas like workstation bus standardization and field-programmable gate arrays 
make it possible to add application-specific processors to a range of machines 
for further improved performance. 
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Figure 8. Schematic diagram of an annealing machine. 


change in cost, it must evaluate the var¬ 
ious saving and insertion costs one after 
another, even though they can be com¬ 
puted concurrently. 

• The data and control structures do 
not ideally match a von Neumann archi¬ 
tecture. For example, to read a count 
value, the algorithm must index into a 
two-dimensional data structure, which 
requires many instructions. 

As shown in the previous section, a 
parallel implementation of the algorithm 
achieves only a small speedup, at con¬ 
siderable expense. The aims of a spe¬ 
cial-purpose annealing machine are to 
use the low-level concurrency inherent 
in the computation and map the data 
structures directly onto the machine 
architecture. Achieving both aims has a 
massive effect on the algorithm’s exe¬ 
cution speed. 

Figure 8 shows a schematic diagram 
for a special-purpose scheduling ma- 
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chine. The machine is composed of a 
number of sections: 

• a next-address generator, 

• tuple memories, 

• a field to mapping-function unit, 

• mapping functions, 

•mixers, 

• clash arrays, 

• cost-delta memories, 

•a cost-delta to delta-memory- 
address unit, 

• a delta memory, 

• an arithmetic logic unit and accu¬ 
mulator, 

• a random-number generator, and 

• a modulus memory. 

The tuples are stored in the tuple 
memories, in which they are arranged 
as sets of very long data words. The 
simulated annealing algorithm calls for 
the random selection of a tuple. Howev¬ 
er, it can read and process the tuples 
sequentially if the random number used 


to calculate new field values is statisti¬ 
cally independent of the tuple address. 
Thus, the tuple address is produced by a 
sequential counter, which can be load¬ 
ed from a link chain field in the tuple. 
Since only some field values can be 
modified, only some memory fields re¬ 
quire update hardware. 

The simulated annealing algorithm 
uses the field values to index the counter 
tables and the distance-measure tables, 
which are denoted as clash arrays in the 
diagram. Two clash-array memories are 
dedicated to each of the counting and 
distance-measure costs. Using two mem¬ 
ories allows simultaneous access to the 
counting or distance-measure cost for 
the current modifiable field value (for 
example, the current period number or 
gate number) and to the stored values 
for the new field value. Because the 
computations are independent, they can 
be evaluated concurrently, thus speed¬ 
ing up the new cost computation. The 
two memories normally have identical 
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contents, except for some intermediate 
stages of the cost evaluation (described 
later). 

A three-way mapping process extracts 
the addresses for the clash arrays. First, 
the process splits the field values to 
index various mapping functions. The 
outputs of the mapping functions are 
then combined to form clash-array ad¬ 
dresses. Although this appears compli¬ 
cated, the scheme allows any arbitrary 
combination and modification of field 
values before the clash arrays are ac¬ 
cessed. For example, if the tuple con¬ 
tains fixed fields for class, teacher, and 
room number, but period number is a 
modifiable field, then the machine can 
index the clash arrays using various com¬ 
binations of these basic fields. Thus, 
one counting cost may require the com¬ 
bination of some function of class num¬ 
ber that computes the year level from 
the class number, with some function of 
room number that computes the section 
of the school where the room is located. 
For example, the combined counting 
cost field value may allow a constraint 
on the number of times a certain year 
level uses the northern section of the 
school. 

The output of each clash array is a 
count value, which must be updated to 
reflect the change in field value. For 
example, if there are 13 occurrences of 
aircraft 1 on gate 3 at time period 10, 
and we change the gate from 3 to 5, the 
algorithm must decrement the count 
value of 13 and increment the corre¬ 
sponding count value for gate 5. The 
cost-delta hardware manages this func¬ 
tion. The hardware also emits an incre¬ 
mental change in cost value according 
to the current cost. Thus, it can update 
all the counting costs and concurrently 
produce the change of cost values. 

We can also use clash arrays to imple¬ 
ment the distance-measure costs. In the 
simplest case, we associate each tuple 
with one neighbor. If we use the extra 
fields in the tuple to hold the modifiable 
fields of the neighbor as well as the 
tuple itself, the clash arrays can operate 
as predefined arbitrary functions that 
compute the change in cost caused by 
moving the tuple in solution space. For 
example, if a tuple contains class num¬ 
ber and period number fields, adding 
the period value of the tuple’s neighbor 
lets an arbitrary function compute the 
cost of moving the tuple from one peri¬ 
od to another. Of course, the neighbor 
tuple must also contain its own period 



Figure 9. State-transition chart for 
control of the annealing machine. 


value as well as its neighbor’s to allow 
symmetrical calculations to be per¬ 
formed. Further, linkage field values 
are required for a period value to be 
updated in the owning tuple as well as 
the neighbor tuple when the value is 
changed. (The specific implementation 
of the school timetable annealing hard¬ 
ware described later uses a slightly dif¬ 
ferent representation to simplify the 
update operations.) 

If the problem formation uses the 
distance measure to compute the cost of 
an absolute placement in solution space, 


the hardware feeds the clash array the 
appropriate tuple-modifiable field val¬ 
ue as well as the new field value, and 
computes a change in cost value. Thus, 
the clash arrays can implement the count¬ 
ing costs as well as relative and absolute 
distance-measure costs. 

The outputs of the cost deltas pro¬ 
duce insertion costs and removal sav¬ 
ings, which must then be summed to¬ 
gether to form a total change in cost. 
Because we want to scale the various 
cost components before addition to re¬ 
flect their importance, we use a delta 
table memory in preference to a fixed 
adder. We can preprogram into the ta¬ 
ble arbitrary scaling constants for very 
fast evaluation of the summed cost 
change. The new cost value is loaded 
into an accumulator via an arithmetic 
logic unit. Once the value is in the accu¬ 
mulator, the control hardware can de¬ 
termine whether the change in cost is 
acceptable at the current temperature. 

The addition of an ALU circuit al¬ 
lows the hardware to link tuples into 
one basic unit and evaluate the com¬ 
bined cost. Linked tuples can be moved 
at the same time rather than individual¬ 
ly. This feature can reduce the number 
of distance-measure constraints signifi¬ 
cantly. For example, in the gate-sched¬ 
uling problem, using a samegate func¬ 
tion is not necessary to guarantee that 
the time sections of an aircraft are held 
on the same gate. Rather, the time sec¬ 
tions can be linked and moved in one 
unit. The hardware can evaluate a com¬ 
bined cost for the total move by reading 
each tuple from the linked unit and 
adding all cost changes. 

A random-number generator such as 
a linear-feedback shift register produc¬ 
es new field values. A lookup table called 
a modulus table translates an arbitrary 
random number into a legal modifiable 
field value. This table stores the pre¬ 
computed values of the random num¬ 
ber mod the maximum field value. Since 
each modifiable field value has a differ¬ 
ent maximum value, different tables are 
stored for each modifiable field. Group 
select values from the tuple are com¬ 
bined with the random number to form 
a modulus memory address. The hard¬ 
ware uses the new field value in the 
clash-array address formation, but must 
also rewrite it to the tuple memories if 
the change is accepted. 

The finite-state machine shown in 
Figure 9 controls the annealing algo¬ 
rithm. The program begins by reading 
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Figure 10. Schematic diagram of a timetable scheduling machine. 


the tuple memory fields, which are then 
passed through the various mapping 
functions and mixers. The contents of 
the clash arrays are read, and a change 
in cost computed. The clash-array val¬ 
ues are updated to reflect the changes. 
This operation leaves the two memories 
assigned to each counting cost inconsis¬ 
tent. Later in the cycle, the memories 
are made equivalent again. 

If a tuple chain exists, the machine 
iterates until it computes a total cost 
change. If the cost change is negative, 
then the accept logic is entered. Howev¬ 
er, if the cost is greater than or equal to 
zero, the negative exponential function 
must be evaluated to determine wheth¬ 
er the change will be accepted. To avoid 
computation of a complex function, the 


control software initializes a table with 
the values of e x . By comparing a ran¬ 
dom number with the output of the e x 
function, the hardware can determine 
whether the change is accepted. If the 
change is rejected, the back-off logic is 
entered, and the clash arrays are re¬ 
stored to their former values. If the 
accept logic is entered, the two clash 
arrays are made consistent, and the 
modifiable field of the tuple memory is 
updated. Finally, the global cost is up¬ 
dated by the changed amount. 

Case study 

The general machine described in the 
previous section can execute the simu¬ 


lated annealing algorithm with the data 
structures required to solve the three 
scheduling problems cited here. In. this 
section, I describe a more specific imple¬ 
mentation of the architecture tailored to 
solve the school timetable problem. 

An intelligent assistant. To use the 

intelligent assistant for creating timeta¬ 
bles, school staff members enter their 
requirements in a special data-descrip- 
tion language, 5 which is compiled and 
validated before being loaded into the 
system. The data structures are mapped 
into the tuple representation and load¬ 
ed onto the annealing accelerator for 
processing. After the accelerator has 
terminated, the system uploads the data 
into the analysis program for printing 
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or modification. Users can generate a 
number of reports. The machine can 
enforce the following constraints: 

• class, teacher, and room usage lim¬ 
ited to once per period, and 

• tuples linked via an arbitrary dis¬ 
tance measure, which can be config¬ 
ured to allow multiple periods and 
any predefined function. 

An architecture to solve the problem. 

The specific architecture implemented 
for the timetable problem is much sim¬ 
pler than the general structure described 
earlier, as Figure 10 shows. Direct hard¬ 
wired connections plus a crossbar switch 
replace the general mapping functions 
between the tuple memories and the 
clash arrays. Circuits that directly im¬ 
plement the insertion and saving func¬ 
tions replace the general cost-delta func¬ 
tions, as well as act as incrementers and 
decrementers for the clash-array val¬ 
ues. The cost values are all 1-bit values 
(an insertion cost or removal saving is 
either 0 or 1). These are combined in a 
fixed way to form the address of the cost 
table, which is preloaded with a scaled 
cost function. Two adjacency memories 
implement the distance measure. One 
memory computes the cost of the current 
period placement relative to the partner 
tuple, and the other computes the cost of 
the new configuration. The cost lookup 
table calculates the difference. 

All requirements are stored in the 
special timetable memory, a form of the 
generalized tuple memory shown in Fig¬ 
ure 8. Because a sequential counter ad¬ 
dresses this memory, requirements are 
chosen sequentially rather than random¬ 
ly from the tuple space. 

The algorithm reads each tuple from 
the timetable memory and presents the 
tuple attributes to the clash array. The 
clash array stores counts of occurrences 
of each attribute in each period of the 
timetable. Two copies of each count are 
stored to allow simultaneous computa¬ 
tion of the cost of inserting the attribute 
in the new period and removing the 
attribute from the current period. The 
new and current periods are routed via 
a crossbar switch (a simple form of the 
generalized mixers in Figure 8) to each 
clash array. An incrementer/decrement- 
er (a simple form of the cost-delta cir¬ 
cuit) processes the count in each mem¬ 
ory to produce a new count and the cost 
of inserting and deleting that attribute. 
The costs are collated into an address 


word and sent to a cost table, which 
stores the results for all possible combi¬ 
nations of cost change. 

The crossbar switch lets each pair of 
memories address the current class, 
teacher, and room with both current 
and new period values. While the cost is 
accumulated, the first memory must read 
the current period count, and the sec¬ 
ond must read the new period count. 
However, during update the memories 
must be made consistent, and the first 
memory must read the new period count 
and the second memory the current one. 
Thus, during update the crossbar switch 
is reversed. 

If the net change is negative, the new 
period is written to the timetable mem¬ 
ory, and the clash arrays are updated 
accordingly. If the change is positive, it 
is used as the key to an exponential 
table, which stores the probability of 
the cost being accepted given the cur¬ 
rent temperature, rescaled as a 16-bit 
integer. The probability is compared 
with a random number, which deter¬ 
mines whether the change is accepted. 

Each time the hardware processes a 
requirement, it chooses a new random 
period. A simple linear-feedback shift 
register generates a 32-bit random num¬ 
ber, from which 15 bits are extracted. 
Because the period must be chosen in a 
range that may not be a power of two, a 
random number is reached by comput¬ 
ing the modulus of the number with the 
number of periods per week. This com¬ 
putation yields a number in the correct 
range. Division is avoided by using a 
precomputed table of mod operations. 

Implementation and performance. 

The current hardware occupies two IBM 
PC AT standard multiwire boards. The 
interface to the PC uses only an 8-bit 
bus. The cards contain about 200 stan¬ 
dard ICs, with special-purpose control 
logic rather than any specific micropro¬ 
cessor. The machine is complex: It con¬ 
tains approximately 120 74Fxx and 
74LSxx circuits, 37 memory chips, and 
36 programmable logic arrays. Applica¬ 
tion-specific gate arrays could reduce 
this chip count significantly. The cur¬ 
rent hardware cost is about $700. 

To compare the performance of the 
annealing hardware, my colleagues and 
I wrote a number of different versions 
and ran them on various machines. We 
wrote a very fast, simple version in the 
C programming language and ran it on 
a Sun SparcStation 1+, an Encore Mul¬ 


timax fitted with NS32332 processors, 
and a Cray Y/MP. We also wrote a full 
version that enforced all the constraints. 
However, it was written in Pascal and 
could not be run on the Cray. 

The hardware solution ran about 33 
times faster than the Cray, 77 times 
faster than the SparcStation, and about 
250 times faster than the Multimax, all 
running C. Interestingly, the Cray ver¬ 
sion ran only about two times faster 
than the SparcStation version. Analysis 
indicates that the Cray version per¬ 
formed poorly because the code has 
very few floating-point operations and 
almost no vector operations. Given the 
algorithm’s Monte Carlo nature, it is 
unlikely that a vector form could be 
devised. 

The hardware ran about 200 times 
faster than the full Pascal version run¬ 
ning on the SparcStation and nearly 
1,000 times faster than Pascal running 
on the Multimax. 


U sing simulated annealing, a spe¬ 
cial-purpose architecture can 
solve important scheduling 
problems at speeds greatly surpassing 
those of conventional workstations and 
supercomputers using the same algo¬ 
rithm. The specific implementation for 
solving the school timetable problem 
has also been used for solving the air¬ 
line gate-scheduling problem. A com¬ 
mercial product, First Class (produced 
by Computer Techniques P/L), incor¬ 
porates the architecture described here 
to provide an intelligent assistant for 
creating school timetables. 

Many algorithms for next-generation 
intelligent systems will require more 
performance than can be provided by 
conventional workstations. Special- 
purpose architectures may be appro¬ 
priate for achieving such performance. 
For example, attached processors for 
high-speed execution of neural net¬ 
works could allow such networks to be 
incorporated into conventional intelli¬ 
gent systems. The work reported here 
demonstrates that such an approach is 
feasible. 

This article shows how two simple 
cost measures can be used to solve 
complex scheduling problems. Devel¬ 
opment of more generic cost measures 
will allow the architecture to be applied 
to other more varied scheduling prob¬ 
lems. ■ 
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SNAP 

Parallel Processing Applied to AI 

Dan Moldovan, Wing Lee,* Changhwa Lin, and Minhwa Chung 
University of Southern California 


A marker-passing 
parallel computer 
designed especially 
for knowledge 
representation and 
processing is offered 
as a viable approach 
to building future 
intelligent systems. 


S ince the computer age began, people have wanted to build machines that 
perform human-like activities. From the rudimentary machine transla¬ 
tion systems of the 1960s to the master-level chess-playing machines of 
today, researchers have striven to create computers that think. Yet, despite 
considerable effort, systems with the breadth of knowledge and the processing 
speeds humans display in solving day-to-day problems are still far away. 

Current machine translation systems, for example, may take several seconds to 
process a sentence in specialized domains such as business correspondence or 
technical articles. Even then, a human must postprocess the machine output to 
make the document readable. Likewise, experimental speech-to-speech transla¬ 
tors such as the ®DM-Dialog system at Carnegie Mellon University 1 may take 
several seconds to translate a sentence from one language to another. While 
progress is being made in natural-language understanding, planning, machine 
vision, and other areas, no AI systems are yet capable of handling real-world 
problems in real time. One major reason for this is lack of computing power. 

In this article, we argue that a viable solution for building future intelligent 
systems is to design special-purpose parallel computer architectures. We restrict 
the applications to those using semantic networks for knowledge representation. 
Reasoning on these networks is achieved with a marker-passing model of process¬ 
ing. The Semantic Network Array Processor (SNAP), implemented at the Univer¬ 
sity of Southern California, is a marker-passing parallel computer dedicated for 
natural-language and other knowledge-processing applications. We discuss solu¬ 
tions for several nontrivial natural-language problems using the marker-passing 
approach. 


Applying parallel processing to AI 

Parallel processing technology is about to play a major role in artificial intelli¬ 
gence. The main reasons for this are the abundant parallelism in AI applications 
and the current feasibility of designing large parallel processing systems. Parallel 


*Lee is also with Hughes-Research Labs, Malibu, California. 
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processing technology offers 
not only improved speed but 
also the potential to increase 
the level of intelligence in such 
systems by enabling the run¬ 
ning of more complex algo¬ 
rithms. 

While many people see an 
advantage in applying paral¬ 
lel processing to AI, it is not 
yet clear how to take advan¬ 
tage of parallelism and, more¬ 
over, which computer struc¬ 
tures are best for AI. Parallel 
processing can be applied to 
AI in one of two ways: 

(1) Write applications in 
parallel AI languages 
and run them on gener¬ 
al-purpose parallel su¬ 
percomputers. 

(2) Use specialized comput¬ 
er architectures. 



Figure 1. The marker-passing model: (a) conceptual orga¬ 
nization; (b) implementation. 



We believe the second al¬ 
ternative is the most promis¬ 
ing for two reasons. First, while 
parallel versions of Lisp and Prolog can 
increase the processing speed of appli¬ 
cations, the applications themselves are 
written in a sequential framework that 
enforces an inherent limit to the speed- 
ups achievable. We believe applications 
written in a naturally parallel language 
will provide greater exploitable paral¬ 
lelism. Second, general-purpose paral¬ 
lel processors lack the special hardware 
sometimes required by AI algorithms. 
For example, the marker-passing para¬ 
digm is highly message intensive; as a 
result, we have developed hardware that 
is message driven instead of instruction 
driven. In contrast, another computer 
capable of marker passing, the Connec¬ 
tion Machine 2, has a single-instruction, 
multiple-data (SIMD) control flow that 
makes it difficult to obtain efficient 
message processing. 2 The IXM2 uses 
coarse-grained transputers coupled with 
associative memory. 3 

Marker-passing model 

Among the first issues to be addressed 
in designing AI systems are how to rep¬ 
resent knowledge and which reasoning 
paradigm to use. In this article, we as¬ 
sume a marker-passing model for rep¬ 
resenting and processing knowledge. 
Similar marker-passing techniques have 


Figure 2. An example of a semantic network. 


been proposed elsewhere. 4 - 5 The main 
components of this model are perma¬ 
nent knowledge, temporary knowledge, 
and the reasoning mechanism (see Fig¬ 
ure la). 

• Permanent knowledge is represent¬ 
ed as a semantic network. Figure 2 shows 
a sample semantic network. The net¬ 
work nodes represent concepts or their 
properties, while the network arcs rep¬ 
resent interrelationships among the 
nodes. The network has a hierarchical 
structure in which more general or ab¬ 
stract nodes at the top subsume more 
specific nodes at the bottom. The inher¬ 
itance property ordering saves memory 
because the properties of more general 
nodes are inherited by the more specific 
nodes. 

• Temporary knowledge is represent¬ 
ed as markers that are bit patterns at¬ 
tached to node data. Thus, the tempo¬ 
rary knowledge physically overlaps the 
permanent knowledge. 

• Reasoning is achieved by changing 
the state of both temporary and perma¬ 
nent knowledge. Originally, markers are 
assigned to nodes by the global infer¬ 
ence engine to indicate a specific knowl¬ 
edge state. Stimulated by the inference 
engine, markers move from node to 
node; while moving, they interact with 
selected markers in some other nodes 


along the path, changing the 
state of the knowledge base. 
The movement of markers is 
guided by propagation rules 
embedded in the network. 

In the SNAP project, we 
mapped this model into a 
computer architecture con¬ 
sisting of a distributed intel¬ 
ligent network working un¬ 
der the supervision of a 
central controller (Figure 
lb). The intelligent network 
consists of an array of pro¬ 
grammable 32-bit processors 
with each processor manag¬ 
ing a collection of semantic 
network nodes. Thus, both 
permanent and temporary 
knowledge are stored in the 
intelligent network. The role 
of the inference engine is 
shared by both the control¬ 
ler and the processing array. 
The controller performs glo¬ 
bal inferences and marker 
task initiations. But, since 
inferencing is achieved by moving mark¬ 
ers in the semantic network, the bulk of 
the processing is performed by the in¬ 
telligent network. These processors 
operate independently in response to 
incoming marker messages. 

Conceptually, this process is similar 
to an ink stain traveling on a piece of 
cloth. The controller drops different 
colors of ink (markers) onto the seman¬ 
tic network, and the processing array 
spreads the ink throughout the network. 
When stains of different colors meet, 
the processors change the color of the 
stain. The unique feature of this type of 
marker processing in SNAP is that the 
user can control the pattern that the ink 
stain forms by preventing its flow into 
certain areas of the semantic network 
and directing its flow into other parts. 

Knowledge representation on SNAP. 

Knowledge representation is one of the 
most important issues in intelligent pro¬ 
cessing, since it influences reasoning 
ability and processing efficiency. With 
its flexible data structures, SNAP can 
represent any type of semantic network 
and markers. 

Permanent knowledge. Permanent 
knowledge is constructed by the user at 
the beginning of processing. Basically, 
the application program running on the 
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Storing permanent knowledge in SNAP 


Figure A shows how “USC is in Los Angeles” is created. First, the program ex¬ 
ecutes the CREATE(USC,<is-in>,Los Angeles) instruction. The controller checks 
to see if both USC and Los Angeles have been assigned to processors. In this 
case, USC has already been assigned to processor 9, but Los Angeles is a 
brand new concept. Using a partitioning algorithm, the controller creates a new 
table entry and assigns Los Angeles to processor 16, node 7. Next, the controller 
converts the is-in relation to a number and generates a command to send to the 
intelligent network. Within the network, each processor determines if any action 
is needed. Here, only processors 9 and 16 are involved, and the other chips can 
continue with the next instruction. In processor 9, a new relation entry is created 
to link node 2 with chip 16, node 7. 



NX 


XX 

CREATE (USC, <is-in>, Los Angeles) 



XX 

CREATE ((9, 2), <14>, (16,7)) 


XX 


Node Relation Link node Value 


5 bits 16 bits 16 bits 16 b 


Figure A. Creating new knowledge for SNAP. 


controller generates a series of instruc¬ 
tions to build a semantic-network knowl¬ 
edge base. Thus, to create the knowl¬ 
edge base of Figure 2, the following 
relation links are generated: 

USC is-a university. 

Los Angeles is-a city. 

USC is-in Los Angeles. 

Los Angeles is-in California. 

For each new relation, the controller 
initiates a CREATE instruction, per¬ 
forms transformations and node assign¬ 
ment, and then broadcasts commands 
to specific array processors to store the 
knowledge (see sidebar at right). 

Temporary knowledge. Temporary 
knowledge takes many forms. It can be 
new, unverified information entering 
the system, knowledge resulting from a 
reasoning process, or a hypothesis wait¬ 
ing to be explored. In SNAP we store 
temporary knowledge in the form of 
markers. 

Markers are flags that can travel in¬ 
dependently in the knowledge network; 
they are useful for grouping ideas or 
concepts. For example, in the ink-stain 
analogy, areas of a piece of cloth can be 
distinguished as having a blue stain, a 
yellow stain, both stains (green), or no 
stain. Similarly, a semantic network node 
can be marked as having marker A, 
marker B, both markers, or none. By 
grouping semantic nodes together, we 
can form new knowledge. For example, 
if marker A represents the concept Cir¬ 
cus-Performer and marker B represents 
Elephant, then we can say that those 
nodes with both markers represent a 
new concept — Circus-Elephant. 

This new knowledge is formed by a 
process called marker-passing. Basical¬ 
ly, we start propagating marker A (yel¬ 
low stain) from node Circus-Performer 
and marker B (blue stain) from node 
Elephant. Next, we constrain the mark¬ 
ers (ink) to spread solely via the is-a 
link. At the end of processing, we check 
to see which nodes have both markers. 
The new knowledge can be incorporat¬ 
ed in the permanent knowledge by form¬ 
ing a relation link between the node 
with both markers and the concept Cir¬ 
cus-Elephant. 

The variety of temporary knowledge 
is enhanced when we attach attributes 
to the markers. Two important attribute 
types are numeric values and address 
pointers. Values are useful in repre¬ 


senting probabilities, cost, weights, and 
cardinalities. Addresses enable the re¬ 
ceiving node to identify the sender and 
are useful in obtaining paths, in plan¬ 
ning, and in the unification operation. 


The inference engine. The role of the 
inference engine is to perform all rea¬ 
soning necessary to solve a problem. In 
SNAP this job is handled by both the 
controller and the intelligent network. 
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Table 1. The SNAP instruction set. 


Instruction 

Argument 

Action 

CREATE 

s-node, <relation>, <weight>, e-node 

Creates new <relation> with <weight> 
between start node and end node. 

DELETE 

s-node, <relation>, e-node 

Deletes <relation> between start node 
and end node. 

MARKER-CREATE 

marker, <s-relation>, e-node, <e-relation> 

Creates a new <s-relation> between 
nodes with marker and e-node; 

<e-relation> is the relation in the reverse 
direction. 

MARKER-DELETE 

marker, <s-relation>, e-node, <e-relation> 

Opposite of marker-create. 

TEST 

marker-1, <marker-2>, <value>, <cond> 

All nodes with marker-1 set marker-2 if 
marker-1 <value> meets <cond>. 

AND 

marker-1, marker-2, <marker-3>, <func> 

All nodes with marker-1 and marker-2 
set<marker-3>. The marker values are 
handled by <func>. 

OR 

marker-1, marker-2, <marker-3>, <func> 

All nodes with either marker-1 or 
marker-2 set <marker-3>. 

NOT 

marker-1, <marker-2> 

All nodes with marker-1 invert 
<marker-2>. 

SEARCH 

node, <marker>, <value> 

Set <marker> with <value> in node. 

MARKER 

marker-1, <marker-2>, <rule>, <func> 

All nodes with a marker-1 begin 
propagating <marker-2> with <rule> and 
<func>. 

SET-MARKER-VALUE 

marker, <value> 

All nodes with marker set <value>. 

CLEAR-MARKER 

marker 

Clears marker in all nodes. 

FUNC-MARKER 

marker, <func> 

Assigns a node function for dealing with 
duplicate markers in all nodes with 
marker. 

COLLECT-MARKER 

marker 

Get results from all nodes with <marker>. 

COLLECT-RELATION 

marker, relation 

Get relation information from all nodes 
with marker. 


The controller is responsible for all glo¬ 
bal processing: creating permanent 
knowledge, converting knowledge, and 
initiating markers. The intelligent net¬ 
work handles all marker processing and 
additions to temporary knowledge. 

Global instructions and task initia¬ 
tions. The controller performs global 
inferencing by issuing instructions to 
all processors in the intelligent network. 
These instructions, shown in Table 1, 
are used to program the SNAP comput¬ 
er. We designed the instruction set to 
be high level and to facilitate the map¬ 


ping of AI problems to the machine. 
Although the instructions are broad¬ 
cast in a pseudo-SIMD manner, the user 
can express the parallelism in the pro¬ 
gram by initiating markers. The move¬ 
ment of markers in the semantic net¬ 
work is naturally parallel and is handled 
by the processing array in a dataflow 
manner. Thus, little parallelism is lost 
in mapping the algorithm to hardware. 

Marker processing. The major role of 
the inference engine is performed by 
the processors in the intelligent net¬ 
work. The nodes in the semantic net¬ 


work use marker-passing to communi¬ 
cate. When a destination node receives 
a message, it sets a marker, performs 
some computation, and, depending on 
the status of the node, may propagate 
the message to other nodes. All pro¬ 
cessing required when a semantic net¬ 
work node receives a marker message is 
handled by the processor that manages 
the node. 

A characteristic of knowledge pro¬ 
cessing is that one marker message can 
cause the generation of other marker 
messages in geometric progression. 
Thus, to minimize the overhead needed 
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to support message-passing, marker¬ 
passing in SNAP is placed under local 
control (see sidebar below). 

Each message type in SNAP has a 
built-in propagation rule that determines 
the path messages take by choosing some 


relations and avoiding others. When a 
node receives a marker message, it 
checks the propagation rule and deter¬ 
mines if it has any relations that satisfy 
the rule. If a relation exists, the node 
automatically forms and transmits a 


marker message to the node linked by 
that relation. Thus, the propagation rules 
permit the transfer and generation of 
messages to occur without intervention 
from the central controller. This allows 
many different message types, with dif- 


Marker processing 
in SNAP 

Marker processing in SNAP is gov¬ 
erned by five propagation rules: 

(1) SEQ(R1, R2): The SEQuence 
propagation rule allows a marker to prop¬ 
agate through relation R1 once, then 
through relation R2 once. 

(2) SPREAD(R1, R2): The SPREAD 
propagation rule allows the marker to tra¬ 
verse through a chain of R1 links. For 
each node in the R1 path, if there exist 
any R2 relations, the marker switches to 
an R2 link and continues to propagate un¬ 
til the end of the R2 link. 

(3) COMB(R1, R2): The COMBine 
propagation rule allows the marker to 
propagate along any combination of R1 
and R2 links without limitation. 

(4) END-SPREAD(R1, R2): This prop¬ 
agation rule is the same as SPREAD ex¬ 
cept that it marks only the last nodes in 
the paths. 

(5) END-COMB(R1, R2): This propa¬ 
gation rule is the same as COMB except 
that it marks only the last nodes in the 


In addition, the propagation rules can 
have an optional mathematical function, 
which specifies a computation to be per¬ 
formed before new markers can be gen¬ 
erated. For example, in probabilistic rea¬ 
soning, the probability of the marker must 
be updated at each intermediate node. 

Figure B shows how a marker is propa¬ 
gated from node USC through the is-in 
relation. First, the program issues the in¬ 
structions SEARCH (USC,<1>) and 
MARKER (1 ,<2>, <SPREAD(is-in)>, 

<NOP>). When each processor executes 
the MARKER instruction, it places the 
SPREAD propagation rule into an internal 
propagation rule table. In the processor 
that holds the node USC, the propagation 
rule table is consulted and a memory 
search is performed to find all nodes 
linked by the relation is-in. In this example, one node is 
found: Los Angeles. The processor puts together a marker 
message with destination Los Angeles and sends it into the 
interconnection network. At the chip that contains Los Ange- 


MARK all inclusions of USC 




XX 



Form message -►interconnection 

Los Angeles network 


xx 


Marker Marker Status 



Send to 

► interconnection 
network 


Figure B. Propagating a marker from a node through a relation. 


les, marker 2 is set. Then the chip checks the propagation 
rule and determines if any more nodes should be marked. In 
this case, the search of the permanent knowledge finds Cali¬ 
fornia, and the propagation cycle continues. 
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ferent propagation rules, to travel in the 
network simultaneously. 

SNAP-1 prototype implementation 
of model. The model we have presented 
is rather general and may lead to a num¬ 
ber of possible implementations, de¬ 
pending on technology, mode of opera¬ 
tion, and other factors. We investigated 
several possible implementation strate¬ 
gies ranging from programming gener¬ 
al-purpose parallel processors, such as 
the Intel iPSC-2 Hypercube, to building 
custom VLSI chips. We decided not to 
use the iPSC-2 Hypercube because the 
architecture did not fit our model. The 
iPSC-2 Hypercube lacks a central con¬ 
troller to handle the global inferencing 
and marker task initiations. In addition, 
we felt that serial communication chan¬ 
nels and the difficulty in implementing 
background message-passing would in¬ 
troduce an unacceptable amount of la¬ 
tency. Likewise, we ruled out a VLSI 
implementation because of the risk in¬ 
volved and the time required. Conse¬ 
quently, we chose to build our own 
machine but use solely commercial com¬ 
ponents. 

The machine we built, SNAP-1 (Fig¬ 
ure 3), 6 has a dual-processor controller 
and an intelligent network consisting of 
an array of 144 Texas Instruments 
TMS320C30 digital signal-processing 
chips. Application programs for SNAP- 
1 are compiled on the Sun host comput¬ 


er and downloaded to the controller for 
execution. 

Each TMS320C30 manages 256 se¬ 
mantic network nodes and has access to 
64 Kwords of program memory. The 
processors execute C programs that 
emulate the operations of the marker¬ 
passing model. For example, when a 
processor receives an incoming marker 
message, it branches to the SNAP mi¬ 
crocode that implements the propaga¬ 
tion rule and marker computation for 
that marker type. 

The interconnection network is a 
hypercube structure constructed with 
four-port memories. Thus, marker 
messages can be buffered and do not 
require active intervention by the re¬ 
ceiving processor. A hypercube was 
chosen because marker messages come 
in bursts and have random destinations. 
The bursts occur because one incoming 
marker message has a tendency to pro- 



Figure 4. Overview of the memory- 
based parser. 


duce several outgoing marker messages. 
The destinations are random in nature 
because semantic networks do not have 
a regular structure. 

Parallel natural- 
language processing 
on SNAP 

In the memory-based approach to 
natural-language processing, 17 linguis¬ 
tic patterns are stored in the knowledge 
base. As Figure 4 shows, when a sen¬ 
tence is input, a series of marker-pass¬ 
ing commands matches the linguistic 
pattern in the input sentence against 
stored templates in the knowledge base. 
Often, the knowledge base does not 
have the exact pattern of the input sen¬ 
tence, but the parser tries to construct 
an approximate pattern by combining 
existing knowledge base patterns. When 
a template is recognized, an interpreta¬ 
tion for the sentence is generated and 
stored in the knowledge base. 

Conceptually, this can be seen as a 
filtering process and is inherently paral¬ 
lel. The basic idea behind this approach 
is similar to that of the memory-based 
reasoning paradigm in which intensive 
use of memory is regarded as the foun¬ 
dation of an intelligent system. 8 The 
more memory available, the more sen¬ 
tences that can be processed. This mem¬ 
ory-based parsing approach fits perfectly 
with SNAP because parsing becomes a 
pattern-matching problem with a paral¬ 
lel marker-passing memory search, for 
which SNAP is very efficient. 

In a SNAP experimental setup, 9 we 
found that a sentence could be parsed in 
a matter of milliseconds. Earlier attempts 
to construct memory-based text-under¬ 
standing systems 17 ’ 9 indicated that some 
practical limitations needed to be re¬ 
solved. In two of those systems, 17 the 
knowledge representation is not flexi¬ 
ble: One template stored in memory 
can cover only one input sentence pat¬ 
tern, so slight syntactic variations of 
input sentences can cause the parser to 
reject the input. Furthermore, the mem¬ 
ory-based parsing algorithm requires 
that all possible sentence patterns re¬ 
side in memory before parsing. Because 
of the infinite generative capacity of the 
natural language, we cannot foresee and 
store in memory all possible sentence 
patterns with complex syntactic con¬ 
structions — for example, embedded 
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sentences. As a result, this approach 
does not handle complex sentences well. 

Linguistic knowledge representation. 

Our goal is to develop a memory-based 
text-understanding system with real¬ 
time performance that also provides the 
quality required by practical applica¬ 
tions. To overcome the limitations out¬ 
lined above, we developed a more flex¬ 
ible knowledge representation and 
incorporated into the memory-based 
parsing algorithm an integrated syntac¬ 
tic and semantic analysis for some basic 
linguistic problems. 

To reduce the number of phrasal pat¬ 
terns stored in memory, a simple sen¬ 
tence (clause) is represented by dynam¬ 
ically connecting a smaller pattern 
consisting only of obligatory constitu¬ 
ents of the sentence with other patterns 
consisting of optional constituents. Com¬ 
plex sentences are decomposed into sim¬ 
ple sentences, then the interpretations 
of simple sentences are dynamically 
combined to represent the whole com¬ 
plex sentence. Since each clause of the 
complex sentence is represented sepa¬ 
rately, the same linguistic templates used 
for simple sentences are also used for 
complex sentences, so that a great 
number of separate complex sentence 


patterns need not be defined (see 
sidebar below). 

Memory-based parsing with integrat¬ 
ed syntactic and semantic analysis. To 

increase the flexibility of concept se¬ 
quences and scale up the class of sen¬ 
tences covered by the memory-based 
parser, we derived rules for handling 
basic syntactic problems such as com¬ 
plex noun phrases, subcategorization of 
the verb, agreement, and embedded 
sentences. Both syntactic and semantic 
information are used for these rules; 
however, the information put into these 
rules is minimized, since basic and aux¬ 
iliary concept sequences already con¬ 
tain a lot of information, such as subcat¬ 
egorization information, semantic 
selectional restrictions, syntactic cate¬ 
gorical information, and linguistic or¬ 
dering constraints. These rules are in¬ 
corporated into the memory-based 
parsing algorithm, and some syntactic 
rules are directly embedded in the knowl¬ 
edge base. The marker-passing memo¬ 
ry-search mechanism enables parallel 
instantiation of appropriate syntactic 
rules. Because semantic and syntactic 
information are both embedded in the 
memory, it is possible to integrate the 
syntactic and semantic analysis neces¬ 


sary to handle complex syntactic con¬ 
structions. 

A parsing example. Figure 5 shows an 
example knowledge base with a basic 
concept sequence [experiencer, see, ob¬ 
ject] and an auxiliary concept sequence 
[time-case]. The knowledge base is a 
hierarchically organized semantic net¬ 
work of concepts and concept sequenc¬ 
es, divided into several layers. 

The concept sequence root (CSR) 
identifies the type of interpretation be¬ 
ing represented — for example, seeing- 
event and time-case. Below the concept 
sequence root are the concept sequence 
elements (CSEs), which identify the 
components of the concept sequence. 
Together, the concept sequence root 
and concept sequence elements form a 
concept sequence. The next level con¬ 
sists of a semantic concept hierarchy 
and a syntax-handling module. The se¬ 
mantic concept hierarchy serves as a 
connecting layer that bridges the lexical 
entries with the concept sequence ele¬ 
ments via semantic concepts. It consists 
of a knowledge hierarchy formed by is- 
a relations. For example, in Figure 5, 
this layer connects “john” to experienc- 
er via the nodes c-john, person, and 
animate. The syntax-handling module 


A sentence as a combination of templates 


A template such as [experiencer, see, object] stored in 
memory is called a concept sequence. It maps a surface lin¬ 
guistic pattern such as “John saw Mary” to its interpretation, 
represented by the instance John-see-Mary, which means 
that John is an experiencer and Mary is an object of a see- 
ing-event. 

On the basis of the distinction between obligatory and op¬ 
tional cases, 1 we have decomposed a concept sequence for 
a simple sentence into a basic concept sequence and auxilia¬ 
ry concept sequences. Each verb specifies its own set of 
obligatory cases, which must appear in every sentence with 
the verb. Optional cases may appear in some but not all sen¬ 
tences with verbs. A basic concept sequence contains a verb 
and its obligatory cases such as agent, object, experiencer, 
beneficiary, and location, forming a basic case frame inter¬ 
pretation. An auxiliary concept sequence is defined for each 
optional case — for example, time, instrument, or manner — 
and surrounds the basic case frame interpretation. At the end 
of parsing, an instance of the recognized basic concept se¬ 
quence is dynamically combined with instances of the recog¬ 
nized auxiliary concept sequences in the same simple sen¬ 
tence to represent the meaning of the simple sentence. 

The reduction in the number of required concept sequenc¬ 
es is clearly shown in the following example sentences: 


John had spaghetti. 

John had spaghetti with chopsticks. 

John had spaghetti with chopsticks yesterday. 

John had spaghetti with Mary, who loves him. 

In these sentences, “spaghetti” is an obligatory case object of 
the verb “had,” while “with chopsticks,” “yesterday,” and “with 
Mary” are optional cases instrument, time, and accompanies 
respectively. To process these sentences, we need only the 
basic concept sequences [agent, had, object] and [experienc¬ 
er, love, object], and the auxiliary concept sequences [instru¬ 
ment], [time], and [accompanier]. Many other variations of 
these four sentences — for example, “Yesterday, John had 
spaghetti with Mary” — can also be processed with these ba¬ 
sic and auxiliary concept sequences. In other systems, how¬ 
ever, each sentence would require a specific, predefined sen¬ 
tence pattern such as [agent, had, object], [agent, had, 
object, instrument], [agent, had, object, instrument, time], 
and [agent, had, objectl, accompanier, relative-pronoun, 
love, object2]. 

Reference 

1. W.A. Cook, Case Grammar: Development of the Matrix Model 
(1970-1978), Georgetown Univ. Press, Washington, D.C., 1979. 
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encodes some syntactic rules, such as 
noun phrase syntactic patterns, and 
bridges the lexical entries with the con¬ 
cept sequence elements. For example, 
the whole noun phrase “a brown log” is 
connected to experiencer via a concept 
sequence [determined, adjective9, 
noun9]. 

The syntactic and semantic constraints 
imposed on the basic and auxiliary con¬ 
cept sequence elements are implement¬ 
ed by connecting them to their corre¬ 
sponding constraint node via 
syntactic-constraint and semantic-con¬ 
straint links, respectively: Through these 
links, the syntactic and semantic infor¬ 
mation from the lexical entries is prop¬ 
agated and combined at the concept 
sequence element layer by parallel mark¬ 
er-passing. The final layer, the concept 
sequence instance (CSI), contains the 
result of parsing. In the example “John 
saw a brown log yesterday,” it shows 
that “john,” “log,” and “yesterday” are 
the experiencer, object, and time of a 
seeing-event, respectively, and that the 
color of the object is brown. 

The parsing algorithm is based on 
repeated applications of expectations, 
activations, and verifications. Two mark¬ 
er types are used for expectations and 
activations. A prediction marker identi¬ 
fies nodes that are expected to occur 
next. An activation marker identifies 
the node that actually occurred. The 
syntactic constraints are implemented 
by adding verification conditions to ba¬ 
sic and auxiliary concept sequence ele¬ 
ments. An expected node in the concept 
sequence element layer is verified only 
if it receives activation markers from 
both semantic and syntactic constraint 
nodes, whereas an expected node at 
another layer is verified when it re¬ 
ceives an activation marker. Only veri¬ 
fied nodes perform an action specific to 
the node type. 

At the start of parsing, all concept 
sequence roots are potential hypothe¬ 
ses, and, accordingly, their first concept 
sequence elements and all subsumed 
concepts in the knowledge base are ex¬ 
pected to be hypotheses as well. When 
an input word is read, a bottom-up acti¬ 
vation is propagated from the lexical 
layer to the corresponding subsuming 
nodes in the knowledge base. Even 
though many nodes are initially expect¬ 
ed, only a few receive activations as 
input words and are further processed. 
Therefore, candidate hypotheses are 
quickly narrowed down to correct ones. 


In this way, multiple hypotheses are 
handled in parallel without using back¬ 
tracking, and eventually only relevant 
hypotheses survive as an interpretation 
of the input sentence. 

For example, in Figure 5, when the 
word “john” is received from an input 
sentence, activation markers are moved 
up. This activates the concept experi¬ 
encer, which is the first element of a 
basic concept sequence [experiencer, see, 
object]. Since it was already expected, 
the activation of this element triggers 
the expectation of the next element in 
the concept sequence, see. The arrival 
of the word “saw” moves activation 


markers up to the concept sequence 
element see and then triggers the expec¬ 
tation of the next concept sequence el¬ 
ement, object. The next input “a” sends 
an activation marker to determined via 
the node category-determiner, then 
“brown” sends to adjective9 via catego¬ 
ry-adjective and “log” sends to both 
nounl and noun9 via category-noun. 

When the last word of the noun phrase, 
“log,” is processed, both npl and np9 
are accepted. To choose the right one, 
the accepted concept sequence roots 
propagate inhibition markers through 
the inhibit link. As a result, the activa¬ 
tion marker at npl is canceled and only 
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np9 is accepted. This node moves its 
activation marker up to the basic con¬ 
cept sequence element object via noun¬ 
phrase. Because of the intervention of 
these noun phrase concept sequences, 
the verification condition of the basic 
concept sequence element object is sat¬ 
isfied only after the whole noun phrase 
is processed. In this way, one concept 
sequence element may correspond to 
many lexical entries, and therefore the 
knowledge representation becomes 
more flexible. When the last basic con¬ 
cept sequence element, object, receives 
an activation marker, it sends an activa¬ 
tion marker to its concept sequence root, 
seeing-event. Since it was already ex¬ 
pected, a concept sequence instance 
(CSI), seeing-event#l , is created as an 
interpretation of “John saw a brown 
log.” This concept sequence instance is 
linked to instances of the most specific 
concepts activated by the input sen¬ 
tence. For example, in Figure 5, seeing- 
event#! is linked to concept-john#l by 
an experiencer link, and to concept-log#l 
by an object link. When the last word of 


the sentence, “yesterday,” is processed, 
an auxiliary concept sequence instance, 
concept-yesterday#l , is created and then 
dynamically connected to seeing-event#1 


via time-case to represent the meaning 
of the whole input sentence. 

Experimental results. The parsing al¬ 
gorithm presented above was imple¬ 
mented and ported to both the SNAP 
simulator running on the Sun-4 and 
the SNAP-1 parallel computer. The ex¬ 
perimental results show that there is 
abundant parallelism in this parsing al¬ 
gorithm and that the natural-language¬ 
understanding algorithm maps well 
onto the SNAP parallel computer. 

To show how knowledge base size 
affects overall performance, various 
sentences were processed with knowl¬ 
edge base sizes ranging from 250 nodes 
to 2,000 nodes. As Figure 6 shows, pro¬ 
cessing time on the SNAP-1 increases 
linearly as the knowledge base size in¬ 
creases, whereas on the Sun-4 it increases 
exponentially. This shows the advan¬ 
tage of SNAP over sequential machines 
for realistic applications requiring large 
knowledge bases. 

To determine how and where pro¬ 
cessing time is spent, SNAP instruc¬ 
tions were analyzed for several exam¬ 
ples. The number of SNAP instructions 
remains almost the same regardless of 
the knowledge base size. For example, 
the sentence “Mary gave Fred a small 
red car phone yesterday” required a 
total of 1,352 SNAP instructions for all 
knowledge bases. The instruction break¬ 
down by type is 

• set-marker-value and clear-marker 
(42 percent) 


Figure 5. Part of the knowledge base used for processing 
“John saw a brown log yesterday.” 
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Figure 7. Marker propagation time versus total processing Figure 8. Processing time versus sentence length, 
time in handling the sentence “Mary gave Fred a small red 
car phone yesterday.” 


•logic (18 percent) 

• marker propagation (16 percent) 

• collect (10 percent) 

• search (10 percent) 

• create and delete markers and nodes 
(4 percent) 

Even though marker propagation in¬ 
structions amount to only 16 percent of 
the total instructions, they consume an 
average of 60 percent of the processing 
time. As Figure 7 shows, the marker 
propagation time increases linearly as 
the knowledge base size increases, 
whereas the time spent by other instruc¬ 
tions remains relatively constant. The 
percentage of time spent by marker prop¬ 
agation increases as the knowledge base 
size increases, and so does the degree of 
parallelism. About 30 percent of the 
processing time is spent by collect in¬ 
structions. In a small knowledge base, 
the collect operation is costly; however, 
as knowledge base size increases, the 
gain from increased parallelism becomes 
more prominent. 

To show how syntactic complications 
and sentence length affect performance, 
various sentences with complex noun 
phrases and embedded sentences were 
processed with various knowledge base 
sizes. As Figure 8 shows, processing 
time increases linearly according to the 


length of input sentences, regardless of 
the syntactic variations. Since a com¬ 
plex sentence is divided into several 
simple sentences and each of these is 
processed with the same algorithm, the 
processing time increases linearly ac¬ 
cording to the length of the sentence, as 
shown in Figure 6, and the overhead to 
handle complex sentences can be con¬ 
sidered negligible. 


P arallel processing has the po¬ 
tential to greatly impact the field 
of AI. The approach taken in 
the SNAP project was to first under¬ 
stand the requirements imposed by 
knowledge representation and process¬ 
ing and then design a model of compu¬ 
tation, an instruction set, and a proces¬ 
sor architecture to match these 
requirements. We found that the mark¬ 
er-passing model, in addition to being 
highly parallel, offers the advantage of 
supporting and integrating several types 
of knowledge. For example, the mark¬ 
er-passing model applied to speech un¬ 
derstanding integrates knowledge at 
phoneme, syntactic, semantic, and dis¬ 
course levels. This ability to integrate 
knowledge sources and to move easily 
from lower levels to more general levels 
is highly desirable. ■ 
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Tour ingMachines: 
Autonomous Agents 
with Attitudes 


Innes A. Ferguson, University of Cambridge* 


TouringMachines blend 
both sophisticated and 
simplified control 
features. Experience 
shows that this layered 
architecture can be 
configured to 
simultaneously behave 
robustly and flexibly in 
dynamic settings. 


T j he operating environments at such facilities as automated factories, 
nuclear power plants, and space stations are continually becoming more 
complex. As this complexity grows, it will be increasingly difficult to 
control such environments with centralized scheduling policies that are both 
robust in the face of unexpected events and flexible at dealing with operational 
changes that might occur over time. 

One solution to this problem that is gaining appeal is to distribute the control and 
scheduling of operations to a number of intelligent, task-achieving computational 
or robotic agents. Most of today’s robotic agents, however, are limited to perform¬ 
ing a relatively small range of well-defined, preprogrammed, or human-assisted 
tasks. To survive and thrive in complex, real-world domains, future agents will 
need to be made considerably more robust and flexible. 

Such domains are likely to be populated by multiple agents, each pursuing any 
number of tasks. Because agents will have incomplete knowledge about the world 
and will compete for shared and limited resources, it is inevitable that some of their 
goals will conflict. In real-world domains, agents will typically perform complex 
tasks requiring some degree of attention to be paid to computational resource 
bounds, temporal deadlines, and the impact their shorter term actions might have 
on their longer term goals. On the other hand, time won’t stop or slow down for 
them to deliberate on all possible courses of action for every world state. Intelligent 
agents will thus need a range of capabilities to respond promptly and efficiently to 
unexpected events, while simultaneously carrying out preprogrammed tasks. 

This article presents a new multilayered integrated architecture for controlling 
autonomous mobile agents, or TouringMachines. The TouringMachine architec¬ 
ture (not to be confused with the machine that A.M. Turing created in 1936) 
combines capabilities for producing a range of reactive and deliberative behaviors 
in dynamic, unpredictable domains. This new approach is influenced by recent 
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work on reactive and behavior-based 
agent architectures. 12 It’s also influenced 
by more traditional artificial intelligence 
endeavors such as planning, diagnostic 
theory formation, 3 resource-bounded 
reasoning, 4 and modeling of proposi¬ 
tional attitudes (for example, beliefs, 
desires, and intentions 45 ). 

While doing this research, I adopted 
a fairly pragmatic approach toward un¬ 
derstanding how complex, dynamic en¬ 
vironments might constrain the design 


of agents and, conversely, how different 
functional capabilities within agents 
might combine to generate different 
behaviors. To evaluate the TouringMa- 
chine architecture, I implemented a 
multiagent simulation testbed. I varied 
parameters constraining agents’ func¬ 
tional capabilities (for example, sens¬ 
ing characteristics) and parameters char¬ 
acterizing the environment itself (for 
example, number of agents and obsta¬ 
cles). This permitted me to study a num¬ 


ber of trade-offs vis-a-vis how much 
reacting, planning, and predicting re- 
source-bounded agents should be doing 
to behave rationally with respect to their 
goals. In many ways, this approach to 
evaluating agent designs resembles the 
empirical approaches used in the Phoe¬ 
nix 6 and Tileworld 7 projects. 

In my example domain, I consider 
one or more agents, each with the task 
of following a different route from some 
starting location to some goal location 


Multiagent coordination example 


Figure A shows a pair of agents arriving at a light-con- 
trolled intersection. The two TouringMachines coordinate 
their activities by reasoning about actual and potential inter¬ 
actions between world entities — in this case, each other and 
the two sets of traffic lights. Agents ascribe intentions or 
plans to other agents as a way of explaining current and pre¬ 
dicting future behavior. By reasoning about the relationship 
between these hypothesized plans and each agent’s goals, 


an agent can detect and resolve conflicts between entities 
before the situation can get out of hand (that is, before the 
agent is prevented from achieving one of its goals). As with 
most behaviors, success at predictive conflict resolution — in 
this particular domain — can be seen to depend on a number 
of internal agent parameters, such as over what distance and 
how often sensing is performed, and how far into the future 
each agent projects for potential collisions. 


(1) (2) 



Figure A. By reasoning about the interactions between themselves and the relevant traffic lights, the two agents co¬ 
ordinate their activities. In (1), the chevron-shaped agent has stopped at its red light and the round agent has pro¬ 
ceeded into the intersection; once the chevron-shaped agent’s light has turned green (2), it sets off to complete its 
initially intended task. 
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within certain time bounds or spatial 
constraints. Each agent starts with some 
geographical knowledge of the world 
(such as locations of paths and path 
intersections), but has no prior knowl¬ 
edge regarding other agents’ locations 
or intentions, or the static obstacles it 
might encounter along its route. An 
agent can communicate its intentions to 
turn or overtake by signalling — much 
like a driver does in a car — and can 
only consume up to some fixed number 
of computational resources per unit of 
simulated world time (see the sidebar 
entitled “Multiagent coordination ex¬ 
ample”). 

Intelligent agency 

In recent years, interest in the design 
of intelligent agent architectures for 
dynamic, unpredictable domains has 
grown considerably. One popular de¬ 
sign approach, whose resulting archi¬ 
tectures I’ll call deliberative, attempts 
to endow agents with sophisticated 
control. This is done by embedding in 
the agents a number of general AI 
capabilities (such as means-end reason¬ 
ing, epistemic modeling, 4 or plan 
recognition 8 ). Influenced principally by 
the fruits of classical AI planning re¬ 
search, deliberative architectures have 
been designed both to handle complex 
goals (for example, those involving ac¬ 
tion at a distance, resource constraints, 
or multiple agents) and to operate flex¬ 
ibly in unpredictable or novel situations 
(for example, by performing contingen¬ 
cy planning or analogical reasoning). 
This generality, however, exacts a price; 
by virtue of having to maintain com¬ 
plete, up-to-date world models, delib¬ 
erative architectures can be resource 
intensive and are usually slow at mak¬ 
ing critical decisions in real-time situa¬ 
tions. 

Breaking with the traditionally held 
belief that “complex” architectures are 
required to produce intelligent agent 
behaviors, a number of nondeliberative 
(for example, behavior-based, 1 reactive, 2 
and situated 9 ) architectures have been 
proposed. These architectures are char¬ 
acterized by a more direct coupling of 
perception to action, increased decen¬ 
tralization of control, and relative sim¬ 
plicity of design. Because they perform 
localized search, the time spent decid¬ 
ing which action to effect in any given 
situation can be minimized. 


Glossary 

Agent — An autonomous, goal- 
directed, computational process ca¬ 
pable of robust and flexible interac¬ 
tion with its environment. 

Deliberative agent — One that 
possesses reasonably explicit rep¬ 
resentations of its own beliefs and 
goals, which it uses in deciding 
which action it should take at a giv¬ 
en time. 

Nondeliberative agent — One 

whose goals are implicitly embed¬ 
ded or precompiled into its struc¬ 
ture by the agent’s designer. 

Rational behavior — The pro¬ 
duction of actions that further the 
goals of an agent, based on its 
conception of the world (as defined 
in Bratman et al. 4 ). 


At the same time, however, these ar¬ 
chitectures run the risk of generating 
suboptimal action sequences, precisely 
because they operate with minimal mem¬ 
ory or state information. Also, because 
nondeliberative agents are essentially 
hardwired to effect a particular action 
sequence in each given situation, they 
can be ineffective when confronted with 
situations that are either novel or that 
do not provide immediate access to the 
complete set of environmental stimuli 
needed for determining subsequent ac¬ 
tion sequences. Indeed, as other re¬ 
searchers have noted, 5 there has been 
little evidence to date to suggest that 
pure nondeliberative architectures are 
capable of handling multiple, complex, 
resource-bounded goals in any sophisti¬ 
cated manner. Like their deliberative 
cousins, nondeliberative agents will re¬ 
quire reasonably cooperative environ¬ 
ments if they are to achieve their goals 
satisfactorily. 1 

Operating in the real world means 
having to deal with multiple events at 
several levels of granularity — both in 
time and space. So, while agents must 
remain reactive to survive, some amount 
of strategic or predictive decision mak¬ 
ing will be required if agents are to 
handle complex goals while keeping their 
long-term options open. Agents, how¬ 


ever, cannot be expected to model their 
surroundings in every detail; there sim¬ 
ply will be too many events to consider, 
a large number of which will have little 
or no relevance anyway. Not surprising¬ 
ly, many researchers are realizing that 
neither purely reactive nor purely de¬ 
liberative control techniques are capa¬ 
ble of producing the range of robust, 
flexible behaviors desired of future in¬ 
telligent agents. What is needed, in ef¬ 
fect, is an architecture that can cope 
with uncertainty, react to unforeseen 
events, and recover dynamically from 
poor decisions. Of course, the architec¬ 
ture needs to do all this on top of accom¬ 
plishing whatever tasks it was originally 
programmed for. 

TouringMachines 

To operate successfully in the chosen 
multiagent domain, an autonomous ro¬ 
botic agent must be both robust and 
flexible; it must be capable of carrying 
out its intended tasks in dynamic, un¬ 
predictable environments. To do this, 
the agent must be capable of exhibiting 
a range of different behaviors: 

(1) It needs to be reactive to deal 
with events it might not have had suffi¬ 
cient time or resources to consider. 

(2) Since the agent’s main task, in 
this domain, will be to get from a start¬ 
ing location to a target location in some 
specified time, it should be capable of 
rational, resource-bounded, goal-direct¬ 
ed behavior. 

(3) Since it will inhabit a world popu¬ 
lated by other entities (about which it 
will know very little in advance) it must 
be capable of reasoning about events 
taking place around it, determining what 
effect these events could have on its 
own goals, and where possible, predict¬ 
ing what is likely to happen in the near 
future so that it will be better informed 
when choosing and effecting subsequent 
actions. 

Because these skills have such dis¬ 
parate characteristics and requirements, 
it seems that the most sensible way of 
realizing them is as separate activity- 
producing behaviors in a layered 
framework. I adopted this approach in 
designing and implementing Touring 
Machines. 

TouringMachines comprise three con- 
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currently operating, independently 
motivated, activity-producing layers (see 
Figure 1): 

• a reactive layer composed of several 
sensor-driven situation-action rules; 

• a planning layer whose main com¬ 
ponent is a partial, hierarchical plan¬ 
ner; and 

• a modeling or reflective-predictive 
layer that implements a form of 
model-based plan monitoring and 
recognition. 

Each layer describes the agent’s world 
at a different level of abstraction, and 
each is endowed with different task- 
oriented capabilities. Each layer, then, 
is an approximate machine; hence, its 
abstracted world model is necessarily 
incomplete. Because of this, one layer’s 
proposed actions will frequently con¬ 
flict with those of another. Consequent¬ 
ly, layers need to be mediated by an 
enveloping control policy (Figure 1) if 
the agent, as a whole, is to behave ap¬ 
propriately in each world situation. 

Implemented as a combination of in¬ 
terlayer message-passing and domain- 
specific control rules, the control poli¬ 
cy’s mediation enables each layer to 
examine data from other layers, inject 
new data into them, or even remove 
data from the layers. (The term data 
here covers sensed input to and action 
output from layers, the contents of in¬ 
terlayer messages, and certain rules or 
plans residing within layers.) This has 
the effect of altering, when required, 
the normal flow of data in the affected 
layer(s). For example, a rule in the reac¬ 
tive layer to prevent the agent from 
straying over lane markings can, with 


the appropriate control rule present, 
be overridden should the agent embark 
on a plan to overtake the agent in front 
of it. 

Inputs to and outputs from layers are 
generated in a synchronous fashion, with 
context-activated control rules applied 
to these inputs and outputs at each syn¬ 
chronization point. The rules thus act as 
filters between the agent’s sensors and 
its internal layers, and between its lay¬ 
ers and its action effectors. Mediation 
remains active at all times and is largely 
“transparent” to the layers; each layer 
acts as if it alone is controlling the agent, 
remaining largely unaware of any “in¬ 
terference” (either by other layers or by 
the rules of the control policy) with its 
own inputs and outputs. The overall 
control policy embodies a scheduling 
regime that, while striving to service the 
agent’s high-level tasks (for example, 
plan-route), also is sensitive to its low- 
level, high-priority goals (for example, 
avoid-obstacle). 

Most designs for integrated agent ar¬ 
chitectures share the common aim of 
enabling autonomous agents to interact 
flexibly and robustly in more or less 
dynamic environments. The brevity of 
the description of TouringMachines 
belies the numerous design, implemen- 
tational, performance, and even philo¬ 
sophical issues that have to be weighed 
when creating a new control architec¬ 
ture. Establishing when and how an agent 
chooses between reasoning and acting, 
and deciding which goals or behaviors 
should be explicitly planned for or em¬ 
bedded in the agent’s structure, are open 
questions — the answers to which de¬ 
pend heavily on the agent’s specific task 
requirements and environmental influ¬ 


ences. At the risk of oversimplifying the 
argument, I believe the main strength 
of TouringMachines lies in their ability 
to operate flexibly in dynamic environ¬ 
ments while interacting with and rea¬ 
soning about other agents with complex 
goals and intentions. Surprisingly few 
previous architectures have addressed, 
and more importantly, investigated, is¬ 
sues pertaining to coordination in mul¬ 
tiagent environments. Where these is¬ 
sues have been considered, the agents 
involved either were given relatively 
simple goals 910 or operated with little 
autonomy under the control of a super¬ 
visory agent. 6 In addition, because 
agents’ desires and intentions are mod¬ 
eled in a more principled way and the 
architecture does not require that all 
actions be generated by a planning mod¬ 
ule, I believe TouringMachines are more 
powerful and robust than Wood’s Au¬ 
todrive agents. 8 This approach to mul¬ 
tiagent coordination also differs from 
that of Durfee and Montgomery 11 by 
placing more emphasis on the autono¬ 
mous modeling capabilities required by 
complex agents than on the mechanisms 
and protocols needed by agents to com¬ 
municate and exchange information 
about their goals. Again, achieving the 
right balance between modeling and 
communicating is a complex issue that, 
although worthy of further investiga¬ 
tion, has not yet been addressed. De¬ 
tails of the TouringMachine architec¬ 
ture can be found elsewhere. 12 

Experimental testbed 

To validate TouringMachines, I im¬ 
plemented the control architecture in 
SICStus Prolog of the Swedish Institute 
of Computer Science and am experi¬ 
menting with it in a simulated two-di¬ 
mensional world occupied by, among 
other things, other TouringMachines, 
obstacles, walls, paths, and assorted in¬ 
formation signs. World dynamics are 
realized by a discrete event simulator 
that incorporates a plausible world up¬ 
dater for enforcing “realistic” notions 
of time and motion, and that also cre¬ 
ates the illusion of concurrent world 
activity through appropriate action 
scheduling. Other processes handled by 
the simulator include a facility for trac¬ 
ing scenario parameters, a statistics-gath¬ 
ering package for agent performance 
analysis, and several text and graphics 
windows for displaying output. 
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The testbed also provides a scenario 
definition facility that allows one to gen¬ 
erate scenario instances from a fairly 
rich collection of agent- and environ¬ 
ment-level parameters. So, for exam¬ 
ple, one can configure a TouringMa- 
chine to be variably reactive by altering 
parameters defining such things as the 
distribution of computational resourc¬ 
es within its three control layers, the 
amount of forward planning it performs, 
the sensitivity of its reactive rules, or 
the frequency with which it senses or 
models the world. In a similar fashion, 
one can experiment with a Touring 
Machine’s tolerance to environmental 
uncertainty by adjusting its sensing ho¬ 
rizon, by tightening its initial goal dead¬ 
line, or by populating its world with 
many other fast-moving agents. 

The TouringMachine testbed has been 
designed to enable controlled, repeat- 
able experimentation and to facilitate 
the creation of diverse agent scenarios 
for subsequent user analysis. Based on 
a number of single and multiagent ex¬ 
periments, 12 I am satisfied that Touring 
Machines can behave robustly in the 
presence of unexpected obstacles while 
successfully accomplishing time-con¬ 
strained, relocation-type goals. In addi¬ 
tion, I have seen that environmental 
and task constraints can strongly influ¬ 
ence an agent’s behavior, and I am con¬ 
vinced that attitude modeling provides 
added value when agents with complex 
intentions are required to coordinate 
their activities effectively and efficient¬ 
ly. But this is just the beginning. Ulti¬ 
mately, through the design and analysis 
of more complex scenarios, I hope to 
gain more insight into the full behavior¬ 
al ecology — to use the terminology in 
Cohen et al. 6 — of TouringMachines. In 
other words, I am interested in formu¬ 
lating general rules that describe the 
relationships and trade-offs that exist 
between an agent’s design (in other 
words, the particular configuration of 
its functional capabilities and knowl¬ 
edge sources), its environment, and the 
repertoire of demonstrable behaviors 
that the agent is capable of. In particu¬ 
lar, I want to understand how well any 
given TouringMachine configuration 
might perform across a range of differ¬ 
ent environments. 


T he work presented in this arti¬ 
cle is ongoing. Future research 
will consider the implementa¬ 


tion of a fourth layer to assist the agent 
in self-tuning or learning internal pa¬ 
rameters, and it will investigate domains 
in which agents carry out a more diverse 
range of tasks or have substantially dif¬ 
ferent goals from each other. I believe 
these investigations will provide addi¬ 
tional important insights into the pro¬ 
cess of designing dynamic, rational, au¬ 
tonomous agents. ■ 
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This special 
section 
presents six 
reports of 
ongoing 
research in 
intelligent 
systems. 


RCS: 

A Reference Model Architecture for Intelligent Control 

James S. Albus 

National Institute of Standards and Technology, Gaithersburg, MD 20899 


T he Real-time Control System 
(RCS) is a reference model ar¬ 
chitecture for intelligent real¬ 
time control systems. It partitions the 
control problem into four basic ele¬ 
ments: task decomposition, world mod¬ 
eling, sensory processing, and value judg¬ 
ment. RCS clusters these elements into 
computational nodes that control spe¬ 


cific subsystems, and arranges these 
nodes in hierarchical layers so that each 
layer has characteristic functionality and 
timing. The RCS architecture has a sys¬ 
tematic regularity and recursive struc¬ 
ture that suggests a canonical form. 

Four versions of RCS have been de¬ 
veloped at the National Institute of Stan¬ 
dards and Technology and elsewhere. 
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RCS-1 and -2 perform task decomposi¬ 
tion by using state tables similar to 
Brooks’ behavior generators. 1 RCS-2 
adds model-based image processing. 
RCS-3 introduces an explicit world 
model (discussed in the next section) 
and an operator interface, and refines 
the task-decomposition module into a 
job assignment, planning, and execu¬ 
tion triplet similar to Saridis’ model. 2 
RCS-3 was applied to space telerobot¬ 
ics to become the NASA/NBS Standard 
Reference Model for Telerobot Con¬ 
trol System Architecture (Nasrem). 3 
RCS-4, under development, includes 
explicit value judgment modules and 
sophisticated multilevel tracking filter 
interaction between sensory process¬ 
ing and world modeling. 4 It also con¬ 


tains object-oriented entity lists and 
multiresolution maps, as suggested by 
Meystel. 5 

Machining workstation. Figure 1 il¬ 
lustrates how the RCS-3 system archi¬ 
tecture can be applied to a specific ma¬ 
chining workstation consisting of a part 
buffer, a machine tool, and a robot. 
RCS-3 produces a layered graph of pro¬ 
cessing nodes, each containing a senso¬ 
ry processing (SP), world modeling 
(WM), and task-decomposition (TD) 
module. These modules are richly inter¬ 
connected by a communications system. 
At the lowest level, communications 
are typically implemented through com¬ 
mon memory or message-passing be¬ 
tween processes on a single computer 


board. At middle levels, communica¬ 
tions are typically implemented between 
multiple processors on a backplane bus. 
At high levels, communications can be 
implemented through bus gateways and 
local area networks. (The global memo¬ 
ry, or knowledge database, and opera¬ 
tor interface 3 do not appear in Figure 1.) 

Figure 1 illustrates how RCS-3 can 
integrate discrete sensors like micro¬ 
switches with such complex sensors as 
cameras and resolvers. Discrete com¬ 
mands can be issued to valves and fix¬ 
tures, while continuous signals are pro¬ 
vided to servoed actuators. Note that in 
some branches of the control tree, nodes 
at some levels may be absent. For exam¬ 
ple, in the case of the part buffer, dis¬ 
crete commands at the equipment task 
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level can be directly executed by the 
servo level (the seven levels are dis¬ 
cussed later). In the case of the part 
fixture, discrete commands issued from 
the robot elemental-move (e-move) level 
can be executed by the servo level. In 
these cases, the missing modules can be 
thought of as degenerate computing 
nodes that produce unity-gain pass¬ 
through of inputs to outputs. 

The branching of the control tree (for 
example, between the camera and ma¬ 
nipulator subsystems of the robot) de¬ 
pends on the particular algorithm cho¬ 
sen for decomposing a particular task. 
Branching specifications reside along 
with other task knowledge in the task 
frames that belong to the tasks concur¬ 
rently executing in each TD module. 
The specifications for sharing informa¬ 
tion between WM modules within a lev¬ 
el are also task-dependent and can be 
specified in the task frames. In Figure 1, 
the horizontal curved lines represent 
the sharing of state information between 
subtrees. This process synchronizes in¬ 
teracting concurrent tasks. 

Functionality of RCS levels. The func¬ 
tionality of each level in the control 
hierarchy can be derived from the char¬ 
acteristic timing of that level, or vice 
versa. For example, in a manufacturing 
environment, the following hierarchi¬ 
cal levels are becoming fairly standard. 
(Levels 7 and 6 are above those shown 
in Figure 1.) 

Level 7: Shop. This level schedules 
and controls the activities of one or 
more manufacturing cells for about 24 
hours. (The specific timing numbers giv¬ 
en in this example are representative 
only and may vary from one application 
to another.) At the shop level, orders 
are sorted into batches, and commands 
are issued to the cell level to develop a 
production schedule for each batch. The 
world model symbolic database (access¬ 
ed by the WM modules in Figure 1) 
contains names and attributes of orders 
and the inventory of tools and materials 
required to fill them. Maps describe the 
location of, and the routing between, 
manufacturing cells. 

Level 6: Cell. This level schedules and 
controls the activities of several work¬ 


stations for about a one-hour look¬ 
ahead. Batches of parts and tools are 
scheduled into workstations, and com¬ 
mands are issued to workstations to 
perform machining, inspection, or ma¬ 
terial-handling operations on batches 
or trays of parts. The world model sym¬ 
bolic database contains names and at¬ 
tributes of batches of parts, and the 
tools and materials necessary to manu¬ 
facture them. Maps describe the loca¬ 
tion of, and routing between, worksta¬ 
tions. The cell-level output provides 
input to the workstation level. 

Level5: Workstation. This level sched¬ 
ules tasks and controls the activities 
within each workstation for about a 5- 
minute planning horizon. A worksta¬ 
tion can consist of a group of machines, 
such as one or more closely coupled 
machine tools, robots, inspection ma¬ 
chines, materials transport devices, and 
part and tool buffers. To produce parts, 
plans are developed and commands are 
issued to equipment to operate on ma¬ 
terial, tools, and fixtures. The world 
model symbolic database contains names 
and attributes of parts, tools, and buffer 
trays in the workstation. Maps describe 
the location of parts, tools, and buffer 
trays. 

Level 4: Equipment task. The equip¬ 
ment task level schedules tasks and con¬ 
trols the activities of machines within a 
workstation for about a 30-second plan¬ 
ning horizon. (Longer tasks can be bro¬ 
ken into several 30-second segments at 
the workstation level.) Level 4 decom¬ 
poses each equipment task into elemen¬ 
tal moves for the subsystems that make 
up each piece of equipment. Plans are 
developed that sequence elemental 
movements of tools and grippers, and 
commands are issued to move tools and 
grippers so as to approach, grasp, move, 
insert, cut, drill, mill, or measure parts. 
The world model symbolic database 
contains names and attributes of parts, 
such as their size and shape (dimensions 
and tolerances) and material character¬ 
istics (mass, color, hardness, etc.). Maps 
consist of drawings that illustrate part 
shapes and the relative positions of part 
features. 

Level3: Elemental-move. The e-move 


level schedules and controls simple 
machine motions that require a few sec¬ 
onds. These motions include Go-Along- 
Path, Move-To-Point, Mill-Face, Drill- 
Hole, and Measure-Surface. (Motions 
that require significantly more time can 
be broken up at the equipment task 
level into several elemental moves.) 
Plans are developed and commands are 
issued that define safe pathway points 
for tools, manipulators, and inspection 
probes to avoid collisions and singular¬ 
ities, and to assure part quality and pro¬ 
cess safety. The world model symbolic 
database contains names and attributes 
of part features such as surfaces, holes, 
pockets, grooves, threads, chamfers, and 
burrs. Map drawings illustrate feature 
shapes and the relative positions of fea¬ 
ture boundaries. 

Level 2: Primitive. This level plans 
trajectories for tools, manipulators, and 
inspection probes to minimize time and 
optimize performance. It computes tool 
or gripper acceleration and decelera¬ 
tion profiles, allowing for dynamical 
interaction between mass, stiffness, 
force, and time. Planning horizons are 
on the order of 300 milliseconds. The 
world model symbolic database con¬ 
tains names and attributes of linear fea¬ 
tures such as lines, trajectory segments, 
and vertices. Maps (when they exist) 
consist of perspective projections of lin¬ 
ear features such as edges or lines on 
parts, or trajectories of tools or end- 
effectors. 

Level 1: Servo. This level transforms 
commands from tool path to joint actu¬ 
ator coordinates. Planners interpolate 
between primitive trajectory points with 
a 30-ms look-ahead. Executors servo 
individual actuators and motors to the 
interpolated trajectories. Position, ve¬ 
locity, or force servoing can be imple¬ 
mented in various combinations. Com¬ 
mands that define actuator torque or 
power are output every 3 ms (or what¬ 
ever rate is dictated by the machine 
dynamics and servocontroller perfor¬ 
mance requirements). The servo level 
also controls the output drive signals to 
discrete actuators such as relays and 
solenoids. The world model symbolic 
database contains values of state vari- 
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ables such as joint positions, velocities, 
and forces; proximity sensor readings; 
discrete switch positions; touch probe 
conditions; and image attributes associ¬ 
ated with camera pixels. Maps consist 
of camera images and sensor reading 
displays. 

Level definition criteria. Levels in the 
RCS command hierarchy are defined 
by temporal and spatial decomposition 
of goals and tasks into levels of resolu¬ 
tion, and by spatial and temporal inte¬ 
gration of sensory data into levels of 
aggregation. Temporal resolution is 
manifested in terms of loop bandwidth, 
sampling rate, and state-change inter¬ 
vals. Temporal span is measured by the 
length of historical traces and planning 
horizons. Spatial resolution is manifest¬ 
ed in the resolution of maps and the 
grouping of elements in subsystems. 
Spatial span is measured in map range 
and the span of control. At the servo 
and primitive levels, the command-out¬ 
put rate is perfectly regular. At the e- 
move level and above, the command- 
output rates are typically irregular 
because they are event driven. Details 
of how RCS represents and uses task 
knowledge, states, entities, events, and 
maps have been published elsewhere. 5 

Applications. Systems based on the 
RCS architecture have been implement¬ 
ed for a variety of applications that in¬ 
clude loading and unloading of parts 
and tools in machine tools, controlling 
machining workstations, and perform¬ 
ing robotic deburring and chamfering. 
Other applications include the control 
of space station telerobots, multiple 
autonomous undersea vehicles, un¬ 
manned land vehicles, coal-mining au¬ 
tomation systems, postal service mail¬ 
handling systems, and submarine 
operational automation systems. 

An RCS design paradigm first ana¬ 
lyzes tasks and goals, and then develops 
the control algorithms, data structures, 
and sensory information necessary to 
perform the tasks and accomplish the 
goals. Attempts are under way to for¬ 
malize this methodology for engineer¬ 
ing real-time intelligent control systems 
and analyzing their performance. Soft¬ 
ware developers accustomed to using 


RCS for building control systems have 
found that it provides a structured de¬ 
sign approach that allows a great deal of 
software reuse, not only within a single 
system but also among systems designed 
for significantly different applications. 

Critics of RCS have objected to its 
rigidity, saying that it forces a system to 
be built in a certain structure, even if it 
can be built more effectively in a differ¬ 
ent architecture. This, however, misses 
the point of a reference model architec¬ 
ture, which is a canonical form, not a 
system design specification. A canoni¬ 
cal form does not force anything. It 
simply structures the problem so that 
designers can understand what they are 
attempting to do. 

Reference models can be implement¬ 
ed in a variety of ways. For example, 
RCS could be implemented with neural 
networks (at least in principle). Many 
lower-level RCS features have been im¬ 
plemented by finite-state machines and 
motion controllers. Higher-level func¬ 
tions can be implemented by expert sys¬ 
tems, Lisp machines, transputers, con¬ 
nection machines, or special-purpose 
processing engines. The RCS reference 
model integrates real-time motion plan¬ 
ning and control with high-level task 
planning, problem solving, world mod¬ 
eling, recursive state estimation, tactile 
and visual image processing, and acous¬ 
tic signature analysis. It integrates the 
neurosciences with machine intelligence 
and modern control. 

The evolution of the RCS concept 
has been driven by an effort to include 
in a single reference model architecture 
the best properties and capabilities of 
most, if not all, the intelligent control 
systems currently known in the litera¬ 
ture, from subsumption to Soar, from 
blackboards to object-oriented program¬ 
ming. 

Do not assume that the regular form, 
recursive structure, and apparent sim¬ 
plicity of RCS reference model block 
diagrams indicate that all problems are 
solved and issues resolved. The oppo¬ 
site is true. The enormous scope and 
complexity of the many technologies 
contained within the RCS architecture 
should lead one to appreciate the diffi¬ 
culty of creating intelligent systems. Not 
long ago, respected people were pre¬ 


dicting that intelligent robots would 
duplicate human performance before 
the end of this century. A correct under¬ 
standing of the RCS reference model 
should lead one to realize that creating 
intelligence may be more complex and 
scientifically challenging than control¬ 
ling fusion or analyzing the genome — 
and possibly more rewarding as well. ■ 
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Using Constraint Propagation 
in Blackboard Systems: 

A Flexible Software Architecture 
for Reactive and Distributed Systems 

Claude Le Pape, Intelligence Logicielle S.A., 

2 Avenue Gallieni - BP 85, 94253 Gentilly Cedex, France* 


O ver the past few years, several 
systems involving artificial in¬ 
telligence techniques to solve 
manufacturing problems have been con¬ 
structed on a blackboard-like architec¬ 
ture. This architecture is complement¬ 
ed by constraint propagation and truth 
maintenance techniques (for example, 
in the scheduling domain. Opportunis¬ 
tic Intelligent Scheduler, or Opis, 1 and 
Sonia 2 ). Most systems consist of a col¬ 
lection of modules (or knowledge sourc¬ 
es) that collectively solve a complex 
problem by posting and retracting con¬ 
straints. 

A constraint propagation system lets 
you automatically derive consequences 
of constraints and detect inconsisten¬ 
cies among them. A blackboard archi¬ 
tecture lets you integrate various knowl¬ 
edge sources and control their execution. 
In particular, the blackboard architec¬ 
ture permits the flexible use of control 
knowledge to organize the relaxation of 
constraints in response to the detection 
of inconsistencies. 

A formal analysis of the resulting (con¬ 
straint propagation + blackboard) ar¬ 
chitecture lets you state precise condi¬ 
tions under which the approach is 
applicable. Validity and completeness 
results for the overall system derive 
from 

• validity and completeness results for 
the constraint propagation system, 

• validity and completeness results for 
the set of knowledge sources, and 
• completeness results for the control 
strategy. 

The formal analysis does not make any 
assumption about the origin of con¬ 


straints and the order in which they are 
posted. A consequence of this is that the 
architecture constitutes a well-founded 
basis for implementing reactive and dis¬ 
tributed systems. 

Constraint propagation. Constraint 
propagation is a deductive activity per¬ 
formed by a system for a problem-solv¬ 
er or for several problem-solvers oper¬ 
ating in sequence or in parallel. It lets 
the problem-solver decompose a prob¬ 
lem without neglecting interactions be¬ 
tween subproblems, determine which 
subproblems are the most constrained, 
and focus attention accordingly. The 
constraint propagation system derives 
new constraints from existing ones. It 
also detects inconsistencies among sev¬ 
eral types of constraints. For example, 
in the planning and scheduling domain, 
it detects inconsistencies among goals, 
decisions, preferences, and occurring 
and predicted events. 

Constraints provide a specification of 
admissible assignments of values to 
variables. Domain constraints such as 
* e (2 4 8 16) and y e (2 4 8 16 32 64) 
describe domains over which variables 
can vary. Variable relations such as 
(x +1) > (2 *y*y) define a subset of the 
Cartesian product of these domains. 
Different types of constraint propaga¬ 
tion steps are useful depending on the 
domains and relations: For Boolean 
variables, each constraint propagation 
step consists of deducing a formula in 
propositional logic; when domains are 
Euclidean spaces and relations refer to 
Euclidean properties, theorems of Eu¬ 
clidean geometry are put into use. 
Combinatorial and algebraic approach¬ 


es to constraint propagation can be 
distinguished: 

•A combinatorial approach entails 
performing operations concerning the 
possible values of variables. For exam¬ 
ple, if x equals 1 and y must be greater 
than x, then only values greater than 1 
are candidates for y. 

• An algebraic approach entails per¬ 
forming operations concerning relations 
between the unknown values of vari¬ 
ables. For example, if x must be greater 
than y and y must be greater than z, then 
x must be greater than z. 

Combinatorial approaches are often ap¬ 
plied in finite domains, 3 while algebraic 
approaches are often applied in infinite 
but homogeneous and structured do¬ 
mains. In particular, algebraic approaches 
are often used to reason about time. 4 

When constraints are not compatible, 
it is beneficial to provide the user of the 
constraint propagation system (human 
user or computer system) with a descrip¬ 
tion of the detected conflicts. For exam¬ 
ple, such a description lets you perform 
“relevant” backtracking and avoid re¬ 
creating failure conditions. To provide 
such a description, the constraint propa¬ 
gation system must remember which con¬ 
straints have been derived from which 
other constraints. This leads to the use 
of techniques similar to those used in 
assumption-based truth maintenance sys¬ 
tems. 5 

Integration of problem-solving com¬ 
ponents. A constraint propagation sys¬ 
tem permits the integration of multiple 
problem-solving components within a 
blackboard-like architecture. A black¬ 
board system consists of three major 
components 67 : 

• Knowledge sources: The knowledge 
needed to solve the problem is parti¬ 
tioned into knowledge sources, which 
are kept separate and independent. 

• Blackboard data structure : The prob¬ 
lem-solving state data are kept in a glo¬ 
bal database, called the blackboard. 
Knowledge sources produce changes to 


* Most of the work presented in this article was performed while the author was a visiting researcher in the Robotics Laboratory at Stanford University. A longer 
version ot the article (including theorem demonstrations and application examples) can be obtained by writing to the address above. 


60 


COMPUTER 









the blackboard that lead incrementally 
to a solution to the problem. Communi¬ 
cation and interaction among the knowl¬ 
edge sources take place solely through 
the blackboard. 

• Control cycle: No control compo¬ 
nent is specified in the basic blackboard 
model; the knowledge sources are self¬ 
activating and respond opportunistical¬ 
ly to changes on the blackboard. In most 
cases, however, a control component is 
required to decide which of the knowl¬ 
edge-source instances to execute at each 
point in the problem-solving process. 
For example, when all the knowledge 
sources rely on a single processor, con¬ 
trol knowledge lets you sequentialize 
the execution of knowledge-source in¬ 
stances in an appropriate fashion (that 
is, execute the most important actions 
first). 

Each knowledge source adds or re¬ 
tracts constraints in reaction to the pres¬ 
ence of other constraints on the black¬ 
board. Constraint propagation and truth 
maintenance techniques let you derive 
new constraints from existing con¬ 
straints, detect contradictions, and de¬ 
scribe the origins of each constraint. 
For example, if the constraints resulting 
from the execution of two knowledge 
sources are conflicting, an explanation 
of the conflict is made available in the 
form of a list of conflicting constraints 
together with identifiers of the knowl¬ 
edge sources from which these con¬ 
straints originate. Then either at least 
one of the knowledge sources can re¬ 
tract one of the conflicting constraints 
(in general, this implies the replace¬ 
ment of this constraint with other con¬ 
straints) or the system is unable to solve 
the problem. 

Validity and completeness results. The 

overall system (constraint propagation 
and truth maintenance system + set of 
knowledge sources + control strategy) 
is valid if and only if it verifies the 
following conditions for every initial set 
of constraints: 

• The system does not stop in a state 
that contains a conflict unless the initial 
set of constraints is inconsistent. 

• The system does not stop in a state 


that contains no conflict unless the ini¬ 
tial set of constraints is consistent. 

The overall system is complete for S if 
and only if it always stops in a state that 
either 

• contains a conflict or 

• provides, for every initial constraint 
c„ a constraint s, both on the blackboard 
and in S such that c, logically follows 
from 

A theorem follows: If (a) the con¬ 
straint propagation system is valid, (b) 
the restriction of the constraint propa¬ 
gation procedure to constraints in S is 
refutation-complete, (c) the set of knowl¬ 
edge sources is valid and complete for 5, 
and (d) the control component is com¬ 
plete, then the overall system is valid 
and complete for S. 

Extension to reactive and distributed 

systems. The theorem in the previous 
section concerns static problems and 
assumes a total ordering of knowledge- 
source interventions. However, the re¬ 
sult can be extended to the cases — 
more common in practice — of dynamic 


problems and knowledge sources appli¬ 
cable in parallel. 

The constraints of a dynamic prob¬ 
lem can change at any time. For exam¬ 
ple, in a dynamic scheduling problem, 
estimates of action durations change 
during schedule execution. The system 
user’s requirements are also likely to 
evolve in time. Resolving a dynamic 
problem does not involve satisfying the 
initial set of constraints but adapting 
the solution each time the set of con¬ 
straints defining the problem changes. 
A traditional software system that can 
solve a static problem is often difficult 
to extend to the resolution of a dynamic 
problem. The only easy and general 
way to proceed is to generate a new 
solution “from scratch,” whenever the 
problem changes. The theorem in the 
previous section generalizes to the case 
of dynamic problems. This means that 
the use of a blackboard architecture 
with constraint propagation gives rise 
to reactive systems (such as the sched¬ 
uling systems Opis 1 and Sonia 2 ), the 
properties of which follow from the prop¬ 
erties of their parts. 

The case of a distributed system where 


Definitions 

• A constraint propagation system is valid if and only if, whenever it deduces a 
new constraint cfrom a set of constraints C,Cu {(not c)} is inconsistent. 

• A constraint propagation system is refutation-complete if and only if, when¬ 
ever a set of constraints C is inconsistent, it detects a conflict among the con¬ 
straints in C. 

• Given a constraint propagation system and a set of constraints S (con¬ 
straints in solved form), a set K of knowledge sources is termed complete for S if 
and only if K satisfies the following conditions: 

(1) Whenever a constraint c on the blackboard does not logically follow from 
another constraint s both on the blackboard and in S, at least one knowledge 
source is applicable to produce such a constraint s. 

(2) Whenever the blackboard contains the description of a conflict involving a 
set of constraints s,... s„ (posted to solve c,... c„), either a knowledge source 
can replace a constraint s, with another constraint t, (such that c ( logically follows 
from t) or the initial constraints c, ... c„ are inconsistent. 

• A set of knowledge sources is valid if and only if knowledge sources cannot 
remove the initial constraints (that is, the constraints that are on the blackboard 
when problem-solving starts). 

• Given a constraint propagation system and a set of knowledge sources, the 
control component specifies how to choose the knowledge source instance to 
execute at each point in the problem-solving process. The system stops when no 
knowledge source is applicable. The control component is termed complete if, for 
every initial set of constraints, there is a guarantee that the system stops. 
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the control component permits several 
knowledge sources to operate in paral¬ 
lel is similar. If the behavior of the dis¬ 
tributed problem-solver is examined a 
posteriori, it is easy to redefine a non- 
distributed problem-solver with an iso¬ 
morphic behavior. The result is a theo¬ 
rem similar to the one in the previous 
section. However, application of this 
theorem is quite difficult: The complete¬ 
ness of a control strategy that paralleliz¬ 
es possible actions is often difficult to 
prove. The design of complete strate¬ 
gies allowing an important amount of 
parallelism remains an important re¬ 
search issue. ■ 
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Hardware to Support Runtime Intelligence 
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A n application’s “intelligence” 
is often judged by how it in¬ 
teracts with its environment. 
This could involve, for instance, the 
control of an automated factory floor or 
a dialogue with a user. Such interaction 
requires the ability to readily store, ac¬ 
cess, and modify information acquired 
during execution. The data structures 
that encode this information are typi¬ 
cally expressed declaratively (as for ex¬ 
ample, facts, constraints, rules, or frame- 
based objects) and constitute the 
application’s knowledge base. They are 


essentially interpreted at runtime—their 
activation being based on pattern 
matching against some other structure 
encoding a current event, query, or goal 
in the application. This access mecha¬ 
nism is central to the performance of 
the system. 

Software mechanisms to support this 
access (commonly based on hashing) 
are complicated by the fact that these 
data structures often have an arbitrarily 
complex structure, as opposed to the 
sets of uniformly formatted data types 
found in databases. Also, when dealing 


with knowledge bases, very general ac¬ 
cess is typically required; this, in turn, 
requires that indexes be maintained on 
all fields of the stored data. Such index¬ 
ing is complicated by the use of wild 
cards, or variables, which allow general¬ 
izations or partial information to be 
stored. 

Various compile-time techniques have 
been developed to handle such com¬ 
plexities (for example, discrimination 
nets, 1 Rete networks for OPS5, 2 and 
WAM (Warren abstract machine) code 
for Prolog 3 ), but they do not adapt well 


Expressions, symbols, and pattern matching 


Figure A presents three declarative expressions as they 
would be stored or input to the pattern-addressable memory 
(PAM). They are taken from a hypothetical application, over¬ 
seeing a robotized factory floor. The floor is divided into an x- 
y grid of locations, and the robots, each with a unique ID, 
have the task of ferrying various parts about the factory. Ex¬ 
pressions are made up of symbols, which typically comprise 
constants, variables, and the parentheses delimiting sub¬ 
structure. Headers are constants that indicate the start of a 
new expression. The PAM hardware also supports integer 
ranges and inequalities (that also allow a kind of fuzzy match¬ 
ing), and list variables (that allow arbitrary numbers of list el¬ 
ements to be matched — as in the cargo list of the example). 

Thus, expression 1 describes some robot within four 


squares of (6, 8) carrying, among possibly other things, bolts. 
Expression 2 describes a robot at location (3, 9) carrying nuts 
and bolts, and with an ID of 2. Expression 3 describes some 
robot on the x = 3 axis. 

Figure A illustrates the pattern-matching rules over these 
symbol types, showing how the three expressions happen to 
pattern-match with each other. Headers only match headers 
with the same name (H). Constants and parentheses match 
their equivalents (EQ). A variable matches any other variable 
or constant (VI) or substructure (V2). A list variable matches 
any number of constants, variables, and/or parentheses, in¬ 
cluding none (LV). 

The PAM stores symbols as 32-bit words, the first four bits 
of which denote the type. 
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Figure A. Expressions, symbol types, and pattern-matching rules. 
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to runtime. The overhead of maintain¬ 
ing these complex and highly interde¬ 
pendent indexing structures places a 
considerable burden on the application’s 
performance. For the application to be 
interactive, there is often a real-time 
constraint on the applicability of the 
data being accessed. Information on how 


best to avoid colliding with another 
moving object is of little use to the sys¬ 
tem after impact. 

Associative hardware, 4 on the other 
hand, excels in applications where rap¬ 
id access is required to data that is dy¬ 
namic, unordered, and unpredictable; 
witness the widespread use of associa¬ 


tive hardware in cache memories and 
translation look-aside buffers (TLBs). 
This article concerns an associative 
memory system that is specialized to 
support the syntax and associated pat- 
tern-matching rules common to declar¬ 
ative expressions (see the sidebar enti¬ 
tled “Expressions, symbols, and pattern 
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Figure 1. Pattern-addressable-memory architecture. 




Direction 
of stack 
growth 


Figure 2. Pages and match engines (page 0 selected). Multiplexing is based on a hypothetical PAM chip containing five 
match engines and 20 words of storage (enough to hold the two expressions). Tokens appear after a match on @robot. 
Pages 1 and 3 can be dropped because they contain no tokens. Pages are reactivated by the wraparound logic that allows 
tokens to move from one page to the next. 
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matching”). Hence, the name pattern- 
addressable memory, or PAM. The arti¬ 
cle describes a coprocessor board based 
on an array of custom VLSI chips that 
combine both logic and memory, and 
shows how this hardware supports a 
number of popular intelligent-system 
architectures. 

Pattern-addressable memory. A num¬ 
ber of associative memories have been 
designed to support matching on sym¬ 
bolic data. 4 ' 6 Such hardware has typical¬ 
ly been based on traditional content- 
addressable memory (CAM), with any 
additional logic replicated for every word 
of storage. Pattern matching using the 
full syntax of declarative expressions is 
not well suited to this organization be¬ 
cause so much of the process cannot be 
supported by comparators alone. Add¬ 
ing to the complexity of the additional 
logic, with the frequency of its replica¬ 
tion, quickly gives rise to unworkably 
poor memory densities. 

The PAM chip uses an organization 
in which the comparators and the match 
logic are multiplexed over small blocks 
of conventional RAM. This match en¬ 
gine, with its attached memory, forms 
the basic building block for the PAM 
chip (see Figure 1). The coprocessor 
board, in turn, contains an array of these 
chips and an array controller. Except 
for individual reads and writes, opera¬ 
tions are performed in parallel over all 
the match engines in all the chips in the 
array. The board is designed so that a 
number of them also can be used to¬ 
gether, attached to the same host. 

Expressions are stored, matched, and 
output by the PAM as strings of sym¬ 
bols in an as written order. The memory 
within each PAM chip is managed col¬ 
lectively as a single stack. Expressions 
written to the stack have their symbols 
stored in consecutive words, or slots. 

During pattern matching, the array 
controller broadcasts the query sequence 
to the match engines. As each query 
symbol is entered, the match engines 
scan their attached memories for match¬ 
es. Matching on the stored expressions 
entails a sequence of matches on their 
individual symbols. Match tokens mark 
the state of each of these match se¬ 
quences. Match tokens are generated 



Figure 3. Prototype PAM board in host system. 


by the match engines (based on the 
comparator output and the symbol 
types), and are stored alongside each 
matching slot. Tokens move through 
the expressions as they match the in¬ 
coming query, disappearing on symbol 
mismatches. At the end of query input, 
responders (expressions that pattern 
match) are marked by surviving tokens. 

Figure 2 shows how sequential scan¬ 
ning of the memory blocks effectively 
divides the stack into pages. The page 
select is common to all chips in the array 
and is driven by the array controller. 
Match times can be reduced by not re¬ 
scanning pages on which no match to¬ 
kens exist. In the best case, the page 
sequence will rapidly be cut down to the 
one page containing a responder. Match¬ 
ing would then proceed as if there were 
no multiplexing. Match times can be 
further reduced if a priori knowledge, 
regarding where groups of expressions 
are located, can be used to restrict the 
number of pages matched on from the 
outset. These page control schemes help 
to offset the performance penalties of 
higher multiplexing ratios, making high¬ 
er memory densities feasible. 

A conservative multiplexing ratio of 
16 was chosen for the prototype chip, 
partially because this yielded a roughly 
50/50 split between logic and RAM cell 
area. (It is interesting to compare this to 
the 40/60 split common to conventional 


RAM chips.) Using a 1.2-micron CMOS 
process, an 8-by-8 array of these blocks 
resulted in a prototype chip containing 
1,024 32-bit-symbol-plus-2-bit-status 
slots and 64 match engines in an active 
area of about 20 square millimeters. 
This represents a storage density more 
than 20 times that of the nearest compa¬ 
rable content-addressable memory- 
based design. 6 The chip has a cycle time 
of 200 nanoseconds. 

Figure 3 shows the completed proto¬ 
type board residing in its host chassis (a 
Hewlett-Packard 9000 series 300 work¬ 
station). The board contains an array of 
16 PAM chips. Apart from input and 
pattern matching, the hardware also 
supports the output of responders, their 
modification, their deletion, and the 
garbage collection of freed-up slots. 

Applications. The most obvious ap¬ 
plication is that of querying a dynamic 
database (see the sidebar entitled “Find 
that robot!”). The expressions, and the 
slot values within them, can be subject 
to continual insertion, deletion, and 
update, with little overhead besides read¬ 
ing or writing to the PAM’s storage. 
(Because it is run in parallel across all 
chips, occasional garbage collections 
take only 400 microseconds.) No index¬ 
ing schemes need be supported. The 
declarative language Prolog uses a sim¬ 
ilar form of pattern matching between 
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subgoals and a knowledge base of facts 
and rules as part of its fundamental 
execution mechanism. 5 

The stored data structures can also 
take on a more active role as triggers 
activated by particular queries. If these 
queries represent events observed by 
the system, then actions can be trig¬ 
gered by the responders to these events. 
Just as before, the PAM can hold thou¬ 
sands of triggers and allow them to be 
continually created, modified, and de¬ 
leted. This style of operation allows for 
the kind of interrupt-driven behavior 
popular in real-time control systems. 
Triggers can be extended to activate 
expressions based on particular combi¬ 
nations of events. 5 This allows the PAM 
to support the firing of situation-action 
rules, as found in production-system- 
style languages. 

Finally, blackboard systems 7 are a 
popular software architecture for appli¬ 
cations involving monitoring and con¬ 


trol in complex environments. The black¬ 
board is a central knowledge base shared 
by a number of knowledge sources. It 
serves to schedule and control them, as 
well as provide a context for their ac¬ 
tions. Since all of these actions involve 
associative access, commonly to transi¬ 
tory data, the PAM is well suited for use 
as a blackboard accelerator. 

Conclusions. This article argues for 
the applicability of associative hardware 
to the problems of handling runtime 
data structures in interactive applica¬ 
tions, having pointed out some short¬ 
comings of previous hardware designs 
and software approaches. The PAM 
design has the advantages of directly 
supporting the complexities of expres¬ 
sions and their pattern matching, high 
memory density, and ease of implemen¬ 
tation through the use of conventional 
memory technology. 

The architecture enjoys all the band- 


Find that robot! 

Consider the example of the robotized factory floor that was introduced in the 
sidebar entitled “Expressions, symbols, and pattern matching.” In this system, the 
central database, consisting of expressions similar to expression 2, is continuous¬ 
ly updated on each robot's position and cargo. Meanwhile, the central database is 
also queried with expressions such as 1 and 3. Note that these queries use the 
more dynamic elements of the expressions. 

With the various page control schemes involved, times for the match and read¬ 
out functions will depend on the number of pages searched, and the number and 
distribution of partial and full responders through the chips and pages of PAM 
storage. These results are tabulated below as averages of the best- and worst- 
case times for the various conditions. 

Using four pages, the status of 500 robots can be tracked. The figures in Table 
A imply that such a system could support interleaved query and update rates of 
85,000 expressions per second. This roughly corresponds to updating each ro¬ 
bot’s status every 6 milliseconds. 


Table A. Average match, output, and update times (in microseconds). 


No. of 

Responders 

16 pages of ©robots 4 pages of ©robots 

Match Match Match Match 

Expr. 1 Expr. 3 Output Update Expr. 1 Expr. 3 Output 

Update 

0 

14.4 

9.6 

0.0 

— 3.6 

2.4 

0.0 

_ 

1 

15.1 

10.2 

0.6 

16.5 4.3 

3.0 

0.6 

5.7 

2 

15.3 

10.5 

1.2 

— 4.5 

3.3 

1.2 

— 

3 

15.5 

10.8 

1.6 

— 4.7 

3.6 

1.6 

— 

4 

15.7 

11.1 

2.0 

— 4.9 

3.9 

2.0 

- 


width and scalability advantages of a 
logic-in-memory SIMD organization. 
The computational bandwidth on even 
the small prototype chip is in excess of 
10 Gbits per second. The system can be 
scaled more or less arbitrarily: more 
blocks to a chip (through larger die and 
tighter design rules), more chips to a 
board (through better packaging), and 
more boards to a system. Using com¬ 
mercial design rules, a system with four 
boards, each containing 64 1 -Mbit chips, 
would have a capacity of 32 Mbytes and 
an aggregate computational bandwidth 
of 2 x 10 13 bits per second. ■ 
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Fuzzy Logic Inference Architecture 
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F uzzy logic is a logic system 
where proposition variables take 
fuzzy subsets as values. As in 
other logic systems, fuzzy logic uses rules 
to express knowledge. A typical fuzzy 
rule looks like this: If X is Tall, then X’s 
weight is Big, where “ X ” and “A’s 
weight” are called linguistic variables. 

A linguistic variable takes words or 
sentences from natural-language expres¬ 
sions as its values. Each linguistic vari¬ 
able has an associated term set, which 
denotes the set of linguistic values that 
the variable can assume. Each linguistic 
value corresponds to a fuzzy subset in 
an appropriate domain. For example, if 
weight is interpreted as a linguistic vari¬ 
able, then its term set is T(weight) = 
{Very fat, Fat, Medium, Slim, Very slim, 
...). In practice, the size of a linguistic 
variable’s term set is finite and is called 
the linguistic variable’s multiplicity. 

In conventional rule-based systems, 
inference means matching facts with 
rules, firing the matched rules, deriving 
new facts, and repeating the cycle. The 
process is essentially the same in fuzzy 
logic, except that everything becomes a 
matter of degree. The only rules not 
fired are those that do not match a given 
fact at all (that is, where degree of match 
= 0). All other rules are enabled and 
their derived results are combined with 
weights according to the degrees of 
match. 

Zadeh' proposed a computational 
procedure for fuzzy logic inference, 
which consists of an implication func¬ 
tion and inference rule. Given that A 
and B are both fuzzy sets defined over U 
and V respectively, a fuzzy rule A -» B 
is first transformed into a fuzzy relation 
R a ^, b that represents the correlation 
between A and B and is defined as 

M*, y) = min(p A (x), p fl (y)); 
x e U,y e V 


where min is an implication function. 
Given a fact A' and a rule A -> B, 
Zadeh’s compositional inference rule 
says 

B' = A' ° R a _„ 

M.y) = max r p R ^ s (x,y)) 

One can view this computation as a 
vector-matrix product with multiply and 
add replaced by min and max. Conse¬ 
quently, given a rule A -»B and an input 
A', the membership function of the in¬ 
ferred output B' is 

My)=max «nin(M*<(*), P^„ (x,y)) 

= max min(Mx), min M)0)) 

= min max [ min(n A , (x), p, (*)), p B (y)] 
= min(a,p B (y)) 

where 

a = max min (p„. (x), p„(x)) 

When more than one rule is en¬ 
abled, the consequents of all activated 
rules are com¬ 
bined. Supposing 
that B\,B' 2 ,.. ,,B’ n 
are the derived re¬ 
sults, the combined 
result is the indi¬ 
vidual results: B' = 
u,BV Figure 1 il¬ 
lustrates the in¬ 
ference process 
when there are 
two rules, A, —» B t 
and Aj —» B r A' is 
the input fact 
represented as a 
fuzzy subset. Ac¬ 
cording to the in¬ 


ference rule, B'=A'°R a ^>B { and 
B' = A' o R —> Bj B' is formed by union¬ 
ing the individual resultant fuzzy sub¬ 
sets: B' = B'j u B'j. 

Hardware implementation of fuzzy 
inference engines. Both the work of 
Togai and Watanabe 2 and the work of 
Watanabe and Dettloff 3 use the archi¬ 
tecture shown in Figure 2 on the next 
page. The figure shows only the case 
where there are two fuzzy rules, each of 
the form A n and A a —» B,. The input 
signals are first fuzzified (that is, a crisp 
number is transformed to a fuzzy set). 
The fuzzified inputs are called A\ and 
A\. 

The antecedent and consequent of 
each rule are explicitly represented by a 
fuzzy set. For digital implementation, a 
fuzzy set’s membership function is dis¬ 
cretized along both the domain and 
membership-value dimensions. Assume 
that the X dimension is quantized into 
64 levels while the Y dimension has 16, 
or 2 4 , levels. Then, each fuzzy subset is 
represented by 64 x 4 = 256 bits. 

This architecture explicitly allocates 
every rule to a data path. As shown in 
Figure 2, each data path consists of two 
vector-vector Min units (row 1), two 
vector-serial Max units (row 2), one 
scalar-scalar Min unit (row 3), and one 
scalar-vector Min unit (row 4). If the 
rule antecedents contain more variables 
(in this case, two), the inference engine 
requires more hardware resources. 

Every bold line in this figure repre¬ 
sents a 64-element vector; each element 
can only take 16 different values (thus, 
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Figure 2. Architecture of fuzzy logic inference engine. 



each element is four bits 
wide). Other lines are sca¬ 
lars. In the original proto¬ 
types, each of these “vec¬ 
tor” units is implemented 
as a serial circuit with a 
counter controlling its ac¬ 
tion. At the end, a big vec¬ 
tor-vector Max unit com¬ 
bines the results from 
individual rules. Finally, a 
defuzzify circuit converts a 
fuzzy number to a crisp num¬ 
ber, which then can be used 
as the output control action. 

The way to convert a fuzzy 
set into a crisp number is 
through some kind of aver¬ 
aging operation. The most 
popular one is the center- 
of-area method, which com¬ 
putes the center of gravity 
of a fuzzy set’s membership 
function. Given a member¬ 
ship function p(x) that is 
defined over the universe 
U, the “averaged” output 


j\i(x)xdx 

jv(*)dx 

Although this method has 
been shown 4 to yield lower 
mean-square errors and bet¬ 
ter steady-state perfor¬ 
mance than other methods, 
it is also computationally ex¬ 
pensive and requires extra 
hardware support. 

Optimization offuzzy log¬ 
ic circuits. The fuzzy-infer- 
ence architecture proposed here exploits 
the fact that few rules are activated 
simultaneously in rule-based control¬ 
lers. 

Pitfalls of previous approaches. Pre¬ 
vious work on fuzzy logic hardware has 
not exploited the computational char¬ 
acteristics of process controllers. Thus, 
implementations have been less effi¬ 
cient than they should have been. The 
raw inputs to process controllers are 
crisp numbers representing the states of 


the plants under control. These inputs 
typically trigger a small number of rules. 
If only a couple of rules can be activated 
simultaneously, why allocate a separate 
data path for each rule in the rule set? 

Suppose there are three input vari¬ 
ables, each of which can take five lin¬ 
guistic values. This yields 5x5x5 = 125 
possible rules. However, if we assume 
that each raw input can at most be count¬ 
ed as two distinct linguistic values of the 
corresponding input variable, then each 
raw input vector triggers at most 2 x 2 x 


2 = 8 rules. If a raw input can 
correspond to at most two 
linguistic values, then there 
is no overlap among the 
membership functions of 
three or more linguistic val¬ 
ues. 

For instance, input value 
A in Figure 3 can take the 
values Very small or Small, 
but nothing else because A ’s 
membership value with re¬ 
spect to other linguistic val¬ 
ues is zero. Similarly, C is 
only considered Very big. 
The overlap factor is the 
maximum number of an in¬ 
put variable’s linguistic val¬ 
ues that overlap in their 
membership functions. In 
practice, the overlap factor 
is two for most linguistic 
variables in most applica¬ 
tions. 

The maximum number of 
simultaneously active rules 
(MNS AR) is typically small¬ 
er than MOF IN , where MOF 
is the maximum overlap fac¬ 
tor and IN is the number of 
input variables. With five 
input variables and an over¬ 
lap factor of two for each 
variable, the possible num¬ 
ber of simultaneously active 
rules is 2 5 = 32. However, 
the rule set will not specify 
all combinations. The hard¬ 
ware implementation does 
not have to implement those 
combinations that are not 
explicitly listed as the ante¬ 
cedents of rules. 

An optimized architecture for fuzzy 
inference. Assume that each fuzzy rule 
is of the form A n and A a —> B t , In Figure 
4, inputs 1 and 2 are crisp input values 
extracted from sensor devices. Each lin¬ 
guistic variable is allocated a variable 
memory, which stores the membership 
functions associated with the variable’s 
linguistic values. The domain is quan¬ 
tized into 64 levels, 0 to 63. The mem¬ 
bership values can take 16 distinct val¬ 
ues (that is, they are encoded in four 
bits). Instead of dedicating 4 x 64 = 256 
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bits for each linguistic value, the mem¬ 
bership functions for all linguistic val¬ 
ues are compacted in one memory area. 
The representations of the membership 
functions for each linguistic value are 
overlapped. For example, in Figure 5 
the membership function for the first 
linguistic value is represented in the [0 
... 10] positions of the second row of the 
variable memory, while that of the sec¬ 
ond linguistic value is represented in 
the [10 ... 20] positions of the first row 
of the variable memory, etc. 

The overlap factor of a linguistic vari¬ 
able determines the effectiveness of this 
compaction scheme. It is assumed that 
the overlap factor is two for all variables 
in Figure 5. Therefore, this architecture 
requires only 2 x 256 bits rather than 5 
x 256 bits. This organization not only 
saves memory but also facilitates the 
fuzzification process by allowing retriev¬ 
al of the corresponding linguistic values 
with one access. 

In Figure 4, each raw input value serves 
as an address to the corresponding vari¬ 
able memory and retrieves at most two 
(Symbol, Degree) tuples, each of which 
belongs to the fuzzy set Symbol with 
membership value Degree. For exam¬ 
ple, (Big, 0.8) means the crisp input 
value is Big of degree 0.8. Each variable 
memory contributes one Symbol out¬ 
put to form an address into the rule 
memory. In this case, there are 2x2 = 4 
combinations. Therefore, the system 
needs four copies of rule memories for 
parallel access. 

Each rule memory entry contains the 
consequent of the rule whose anteced¬ 
ent is the addressing symbol combina¬ 
tion. For example, a symbolic rule of 
the form 31412 —» 4 will be stored in the 
entry of address 01111001010 with con¬ 
tents 100. This rule memory can be im¬ 
plemented in a multivalued program¬ 
mable logic array, with each rule 
corresponding to a product term. The 
response for the symbol combinations 
not specified in the rule set is a 000 
pattern. 

As mentioned, MNSAR is normally 
smaller than MOF IN (2 2 = 4 in this exam¬ 
ple). Assuming the MNSAR is 2, then a 
4-to-2 multiplexer can be used to fur¬ 
ther reduce the hardware requirements. 
The ith degree combination (dc,) will 




Figure 5. Organization of input variable memory. 


pass through the 
multiplexer only 
when the corre¬ 
sponding r, from 
the rule memory 
is not 000 (imply¬ 
ing that the ante¬ 
cedent combina¬ 
tion does excite a 
certain rule). Each Min unit takes two 
four-bit patterns and produces their min¬ 
imum. The inputs to the aggregate unit 
are again a set of (Symbol, Degree) 
tuples, each of which represents the in¬ 
ference result of an activated rule. 


Each output variable has its aggre¬ 
gate unit, as shown in Figure 6. The 
aggregate unit computes the final weight 
associated with each linguistic value of 
the output variable. The multiplexer 
feeds each output pair (S,D) into the 



Figure 6. Structure of the aggregate unit. 


May 1992 


69 

















































































PROJECT REPORTS 


Membership | 

(/-1)th A 


/th 






W2 







H(i 

: d 

-1) 

i) tin 

£.(/• 

►D 


Figure 7. The process of consequent linguistic value 
combination. 


aggregate unit in a serial fash¬ 
ion. Symbol S selects the ap¬ 
propriate comparator to com¬ 
pare the corresponding degree 
D with the internal state vari¬ 
able. The comparator choos¬ 
es the bigger of the two as the 
new state value. 

The state variables in the 
aggregate unit are initialized 
to zero. The aggregate unit 
essentially finds the maximum 
membership value for each lin¬ 
guistic value of the output vari¬ 
able. For example, if the in¬ 
puts to the aggregate unit are 
(0.8,1), (0.6,1), (0.3, 2), (0.4, 

2), (0.5,2), then the final states 
of the aggregate unit are (0.8, 1), (0.5, 
2), (0, 3), (0, 4), (0, 5). This is because 
max(0.8,0.6) = 0.8 and max(0.3,0.4,0.5) 
= 0.5, assuming the output variable’s 
multiplicity is five and the integers are 
encodings of the linguistic values. 

The defuzzify unit integrates conse¬ 
quent combination and defuzzification. 
The former combines the consequent 
linguistic values according to their 
weights (the membership values). For 
example, given the significant conse¬ 
quents (their membership values are 
nonzero) (0.8, Small), (0.7, Very small), 
what is the output fuzzy value? To 


speed up the defuzzification process, 
the proposed architecture precomputes 
the so-called defuzzification partial sum, 
and stores it in memory for runtime 
access. 

As shown in Figure 7, the member¬ 
ship function of the z'th linguistic value 
is divided into three subdomains (left, 
middle, right), delineated by L(z') and 
H(i). The range defined by H(i -1) and 
L(z) is the overlap between (z - l)th and 
z'th linguistic values. More precisely, 
suppose hi(z) and low(z') denote the high 
and low ends of the support of the z'th 
linguistic value’s membership function, 


then L(z) = hi(z-1) and H(i- 
1) = low(z'). For each weight 
membership value, the archi¬ 
tecture precomputes the area 
and the mass associated with 
each subdomain. For each lin¬ 
guistic value of the output vari¬ 
able, there are 16 (possible 
membership values) x 3 (sub- 
domains) x 2 (mass and area) 
= 96 values stored in the de- 
fuzzy-partial-sum memory. 

For instance, take the ith lin¬ 
guistic value in Figure 7. Asso¬ 
ciated with the membership 
value W2 are three regions 
shaded with horizontal lines 
(H(i - 1) to L(i)), backward 
slashes (L(z) to //(/)), and slashes (H(i) 
to L(i + 1)). Let’s assume that the DPS 
memory is organized into six subarrays 
(DPS_area_left, DPS_area_middle, 
DPS_area_right, DPS_mass_left, 
DPS_mass_middle, and DPS_mass_ 
right), each of which is indexed by the 
output variable, the linguistic value, and 
its membership value. 

The defuzzify unit iterates over the 
aggregate unit’s internal variables, tak¬ 
ing two state variables at a time. The 
iteration sequence (assume five state 
variables) is (0,1), (1,2), (2,3)... (4,5), 
(5, 6), where the 0th and 6th state vari- 


Case 1 

wl = 0, w2 = 0: skip to the next iteration. 


Case 2 

wl = 0, w2 > 0: 

Mass <- Mass + DPS_mass_middle[0, z + 1 , W2] + DPS_mass_right[0, i + 1, W2]; 
Area <— Area + DPS_area_middle[0, i + 1 , W2] + DPS_area_right[0, i + 1, W2]. 


Case 3 

wl > 0, w2 = 0: 

Mass <— Mass + DPS_mass_left[0, z, Wl] + DPS_mass_middle[0, z, Wl]; 

Area <- Area + DPS_area_middle[0. z, Wl] + DPS_areaJeft[0, z, Wl]. 


Case 4 

wl > 0, w2 > 0: 

Mass <- Mass + DPS_mass_left[0, z, Wl] + DPS_mass_middle[0, z, Wl] + DPS_ma 
+ DPS_mass_right[0, z + 1, W2] + Overlap_mass[z, z + 1, Wl, W2]; 

Area +- Area + DPS_areaJeft[0, z, Wl] + DPS_area_middle[0, z, Wl] + DPS_area 
+ DPS_area_right[O, z + 1, W2] + Overlap_area[z, z + 1, Wl, W2]. 

ss_middle[0, z + 1, W2] 

i„middle[0, z + 1, W2] 


Figure 8. Four cases for membership values tvl and w2. 
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^ k * max(min(Wl, membership (O, i,k)), 

min (W 2, membership (0,i + l,k))) 

^ max( min (VVU, membership (O, i,k)), mir 

i(W2, membership (O, i + l,k))) 

*=low[i+l] 



Figure 9. Computation of mass and area contributed by the overlap region be¬ 
tween two linguistic membership functions. 


able values are assumed to be zero. 
Suppose {W\,W2) are the membership 
values of the ith and (i + l)th linguistic 
values of the output variable O. Figure 
8 shows the four cases to consider. In 
these cases, Area and Mass are the ac¬ 
cumulated area and mass of O, and 
Overlap_mass and Overlap_area com¬ 
pute the mass and area contributed at 
runtime by the overlap region between 
two linguistic membership functions, 
using the formula shown in Figure 9. 

Membership(0, i, k) is the member¬ 
ship value of k with respect to the ith 
linguistic value of the output variable 
O. The Output variable memory is 
organized the same way as the Vari¬ 
able memory used for input variables. 
Calculating Overlap_area and 
Overlap_mass is a serial process. But 
since the process only iterates on the 
overlapped region between two adja¬ 
cent linguistic values’ membership func¬ 
tions, the delay is significantly less than 
in the previous approach where the en¬ 
tire domain is iterated. For example, 
suppose the domain is 64 units wide and 
the overlap between consecutive mem¬ 
bership functions is at most five units 
wide; then the defuzzification delay for 
whole-domain iteration is roughly 10 
times slower than overlap-region itera¬ 
tion (64 iterations versus five). 

Conclusion. Many hardware imple¬ 
mentations have been proposed in the 
past five years to address the real-time 
requirements of fuzzy-logic-based pro¬ 
cess controllers. Most of these propos¬ 
als simply transform the basic inference 
procedure into hardware devices. There 
has been no attempt to optimize the 
hardware implementation for cost and 
speed, and the resulting designs seem 
either too slow or too expensive. 

Recognizing that not all the rules will 
be active simultaneously for a given 


input pattern, we propose a new fuzzy 
logic controller architecture that is effi¬ 
cient in both performance and cost. To 
speed up the inference process, we pre¬ 
compute the defuzzification operation 
and store partial results for runtime uses, 
thus trading larger memory for better 
performance. The proposed architec¬ 
ture is less general than previous imple¬ 
mentations. Nevertheless, since most 
fuzzy inference hardware will be used in 
dedicated process controllers, trading 
flexibility for better performance/cost 
seems a reasonable design choice. ■ 
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Optical Computer Architectures for 
Supervised Learning Systems 


Alastair D. McAulay, Wright State University, Dayton, OH 45435 


A three-pound human brain ex¬ 
hibits astonishing performance 
in, for example, recognizing a 
person from across the room at a crowd¬ 
ed party. In this respect, the brain out¬ 
performs present-day computing ma¬ 
chines that have similar storage capacity 
but are thousands of times faster at 


logical inference and numerical compu¬ 
tation and millions of times faster at 
moving signals around. 

To cope with the computational com¬ 
plexity of learning, nature evolved an 
architecture for the brain that is radical¬ 
ly different from that used in modern 
computers. The brain has 10 n neurons 


Photorefractive crystals 

A photorefractive crystal, such as lithium niobate or barium titanate, can be 
used to construct 10 9 interconnections in a 0.5-centimeter cube. As shown in the 
figure below, we want to connect an input element in a two-dimensional array 
(Source 1) to an output element (Out) in a manner that multiplies the input inten¬ 
sity by a specified weight. Coherent light sources are activated at the element 
position on Source 1 and at a position on Source 2 corresponding to that at the 
output element. Collimating lenses 1 and 2 cause a hologram (interference pat¬ 
tern) to form in the crystal. If the hologram remains, the input beam can be acti¬ 
vated, and the hologram will steer the light to the output pixel position via the 
beam splitter. 

Only AA interconnections are possible between two NxN arrays, and fractals 
have been used for selecting independent positions. 4 The speed, strength of non¬ 
linearity, and retention are influenced by the selected material and any applied 
voltages or temperatures. In practice, as shown in the figure, the hologram is 
written continuously. The wave passing directly through the crystal is retroreflect- 
ed exactly along its incoming path by a phase conjugate mirror, 3 which is a sec¬ 
ond photorefractive crystal. Polarizers ensure that the hologram in the crystal is 
formed by this reflected beam and the beam from Source 2, whose amplitude is 
proportional to the desired weight. The intensity of the input beam from Source 1 
is then multiplied by the weight in connecting to the out pixel. 45 



that perform distributed memory and 
operation functions, and each neuron 
has up to 10,000 interconnections to 
other neurons. This represents a high 
level of parallelism and a massive inter¬ 
connection system. 

We would like to match the brain’s 
capability in man-made intelligent ma¬ 
chines. This article shows why photonic 
systems are attractive for machine learn¬ 
ing and gives experimental results for 
two examples. 

Optics for learning systems. Light is 
more attractive than electrons for mas¬ 
sive high-speed interconnections be¬ 
cause photons are uncharged and re¬ 
duce interference. Using light improves 
speed and reduces power because, un¬ 
like wire, photons need not charge ca¬ 
pacitance and do not lose power in 
matched terminations. 1 Recent devel¬ 
opments in microlasers 2 suggest that, in 
the future, transferring data from a chip 
optically instead of electronically 
through pins will use less power and 
provide a higher data rate. 

Optical devices. One optical approach 
uses a transmissive spatial light modu¬ 
lator (SLM) that acts like a two-dimen¬ 
sional piece of film by spatially modu¬ 
lating a pattern of light passing through 
it. 3 Reflective electronically addressable 
SLMs (ESLMs), such as digital watch or 
laptop computer displays, modulate light 
similarly. Optically addressable SLMs 
are constructed from ESLMs by coating 
their backs with a photoconductor to 
construct a continuous array of photo¬ 
transistors. When light strikes a pixel of 
the photoconductor on a ferroelectric 
liquid crystal, within microseconds the 
voltage generated causes the crystal’s 
other side to become reflective when 
viewed through a polarizer. Photore¬ 
fractive crystals are also widely used in 
optical learning experiments (see side- 
bar). 

In our experiments, because of avail¬ 
ability, we used spatial light rebroad¬ 
casters (SLRs) 3 consisting of a thin crys¬ 
talline layer of an electron trapping 
material on a substrate. We can store a 
high-resolution blue image (300 line/ 
pairs per inch) and read it out microsec¬ 
onds later with infrared. The output 


Using photorefractive crystals for neural networks. 
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image is a weak orange, proportional to 
the product of the blue and infrared 
intensities at each pixel. 

Optoelectronic integrated circuits 
(OEICs) have electronic and optical 
devices on the same chip (see sidebar 
on quantum well devices). If detectors 
are placed on one side and microlasers 2 
on the other, chips can be stacked along 
with lenslet arrays, holograms, and beam 
splitters in a microoptic arrangement. 
Assembling several chips in a multichip 
module reduces packaging costs and 
increases speed. A smart pixel array for 
neural networks can employ the best 
features of both electronics and pho¬ 
tonics by performing clipping and local 
connections for learning electronically 
while performing more global intercon¬ 
nections optically. 

Optical perceptron learning. A per- 
ceptron algorithm, 6 modified here for 
nonnegative weights, has an incoming 
vector x = (x t , x 2 ,. . . , x„) and updates 
weights using 


Quantum well devices 

Recently, AT&T introduced a GaAs symmetric self-electrooptical-effect-device 
(S-SEED) pair that acts as a flip-flop with high gain for fast picosecond switching 
with picojoule energies. Arrays with tens of thousands of device pairs have been 
constructed. If low-level light activates device D, in the figure below, device D, 
switches off and D 2 switches on. D, now reflects very little light, but D 2 has high 
reflectance. If D 2 is illuminated sufficiently, the device will flip. The device can be 
read by using two beams of equal intensity. Setting up the optics requires skill 
because of the small size of the pixels, the interleaving of set and reset source 
arrays, and the limited dynamic range of the devices. 



w(k + l) = w(k) + p 


0 if 

.y if 



where 


x if x in class 1 

y = • -x if x in class 2 (2) 

(provided w (k +1) > 0) 


Figure 1 shows the optical setup for 
a demonstration in which we substitut¬ 
ed an SLR for the photorefractive crys¬ 
tals that had been used. 4 ' 6 We wanted 
to classify patterns (a) and (b) in Figure 
2 as class 1 by providing a high output 
at a detector and patterns (c) and (d) 
as class 2 by providing a low output at 
the detector. To do this, weights w = 
0.1 are written on the SLR, as seen in 


Figure 3a, and then the input x pattern 
(Figure 2a) is set on the ESLM. Lens 
2 spatially integrates the array informa¬ 
tion to form the inner product w 7 x at 
the detector. Following Equation 1, if 
the detector output is opposite to that 
desired, for class 1 the write shutter is 
opened, and for class 2 the read shutter 
is opened. During training, the comput¬ 
er rotates through the patterns, provid- 



Figure 1. Optical setup for perceptron binary classifi¬ 
cation experiment with an SLR (spatial light rebroad¬ 
caster). 





Figure 2. Chinese characters used for optical learning dem¬ 
onstration: (a) hang, (b) arch, (c) good, (d) offer. 



Figure 3. Weight 
patterns: (a) start¬ 
ing pattern, (b) 
final pattern, thick 
film, (c) final pat¬ 
tern, thin film. 
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Figure 4. Learning 
curve for optical 
learning. 



ing the learning curves in Figure 4. 

After training, the correct output will 
be seen at the detector for an input at 
the ESLM. For example, Figure 1 pat¬ 
terns (a) and (b) give a high output, 
indicating class 1, and (c) and (d) give 
a low output, indicating class 2. The 
final weight patterns on the SLR for 
thick and thin films are shown in Fig¬ 
ures 3b and 3c, respectively. The thresh¬ 
old is not a bottleneck because the optics 
perform a two-dimensional inner prod¬ 
uct while only a single number is thresh- 
olded electronically. Classification is fast 
because light travels a foot in a nano¬ 
second. 




Figure 6. Optical setup for neural network associative memory with an SLR device. 


Optical associative memory. A num¬ 
ber of neurons can be used to match an 
input with a set of templates using an 
inner product to form correlation co¬ 
efficients, as shown in Figure 5. The 
largest coefficient is generally used for 
classification, and it corresponds to the 
template closest to the input. In an as¬ 
sociative memory, to remove noise or 
perform reconstruction from a partial 
image, the dashed winner-take-all box, 
labeled “classifier” in Figure 5, sets the 
largest correlation coefficient to 1 and 
the others to 0. The modified correla¬ 
tion coefficients accurately reconstruct 
the template closest to the input. The 
winner-take-all operation in the dashed 
box can be avoided by omitting it and 
adding a threshold feedback that stops 
weaker correlations. Iterations converge 
to the template closest to the initial 
noisy data. This principle has been used 
in optical demonstrations 3 in the space 
domain, in the Fourier domain with 
angle holograms, 7 and with phase con¬ 
jugate mirrors. 4S 

The templates used in the first set 
of correlators may be set in rows of a 
transpose matrix A r for premulti¬ 
plication of the incoming vector to 
generate the correlation coefficient 
vector. The second set of templates 
represents a premultiplication by the 
matrix A. If the matrices are multiplied, 
the result is a sum of outer products 
A A r for each association. Use of a single 
matrix AA r with nonlinear feedback is 
known as a Hopfield neural network 
model, 3 which has been implemented 
in optics. 8 
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Figure 7. Experimental results of orthogonal neural network associative memo¬ 
ry: (a) vector y; (b) vector x T ; (c) associative memory matrix; (d-f) output vec¬ 
tors from multiplying matrix (c) by the sixth, 10th, and 14th rows, respectively, 
of (b). 


Optical demonstration. Figure 6 shows 
an optical setup for forming the outer 
product AA'. An argon laser beam is 
focused onto a column of the film repre¬ 
senting vector y,. Light spreads hori¬ 
zontally after passing y,. A spherical 
lens SI focuses the result onto one hor¬ 
izontal line representing x„ to be associ¬ 
ated with y,. The light passing through x, 
expands vertically so as to produce the 
outer product y,x/'', to be stored at the 
SLR. Outer products for other associa¬ 
tions i = 1 to I are generated by placing 
the associated y,- and x, at the correct 
planes. The SLR sums the outer prod¬ 
ucts. 

Figures 7a and 7b, respectively, show 
16 40-bit output vectors y, in columns 
and 16 32-bit associated input x, vectors 
in rows. These were selected to produce 
a binary outer product sum at the SLR. 
The SLR was illuminated to produce 
luminescence corresponding to the sum 
of the outer products, photographed in 
Figure 7c. 

The outer product matrix is now used 
for multiplying an input vector x,. Infra¬ 
red is focused onto a row of the film 
representing an input x,. The infrared 
illumination expands vertically on pass¬ 
ing through to illuminate the SLR. The 
resulting incoherent luminescence is 
focused in the vertical direction onto 
the plane labeled “result.” The vector 
from the matrix-vector multiplication is 
the output y, associated with the input 
x„ if the input vectors are orthogonal. 
Otherwise, the process requires a thresh¬ 
old feedback loop as described above. 
The orthogonality assumption (x/x, = 1 
when i = 1, and 0 otherwise) illustrates 
the operation 

Ax,. =y i (xfx,.) + Xy,.(xJx f ) = y i (3) 

One of the rows in Figure 7b is placed 
at the active x, row position in the opti¬ 
cal setup (Figure 6), and the output is 
observed at the “result” position. The 
outputs corresponding to the sixth, 10th, 
and 14th rows of Figure 7b, seen in 
Figures 7d-f, demonstrate recovery of 
the correct associations. 

Conclusion. Supervised learning sys¬ 
tems do make computers more flexible 


and user friendly, and optics is attrac¬ 
tive for interconnection relative to elec¬ 
tronics. A few currently available de¬ 
vices show great promise for learning 
systems, and our experiments with SLRs 
demonstrate the feasibility of using a 
perceptron algorithm with one neuron. 
Several neurons enable self-associative 
memories that avoid a winner-take-all 
circuit and reduce to a Hopfield model. 
Our success with these simplistic exper¬ 
iments, combined with efforts to im¬ 
prove communication-computer devic¬ 
es, suggests that optics will have a 
significant impact on future computer 
learning systems. ■ 
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Theoretical rationalization 

Hornik, Stinchcombe, and White 3 questioned whether the many successes report¬ 
ed in the use of multilayer feed-forward nets were due to some deep and fundamen¬ 
tal approximation capability of such nets or instead to good fortune and perhaps se¬ 
lective reporting. They investigated the matter and established that standard 
muttilayer feed-forward networks with as few as one hidden layer using arbitrary 
squashing functions are capable of approximating any Borel measurable function 
from one finite dimensional space to another to any desired degree of accuracy pro¬ 
vided sufficiently many hidden layers are available. In that sense, multilayer feed¬ 
forward networks are universal approximators. 

The following definition and theorems from Hornik, Stinchcombe, and White’s 
work led to one result of principal interest to us. Their Definition 2.4 states that for 
any measurable function G() mapping R to R and r e N, let IIT(G) be the class of 
functions 

| f:R'-*R:f(x) = X P, 0 G(/l*(x)), xe R r , p y E R.A^eA', l,eN,q = 1,2,... 

where A' is the set of all affine functions from R r to R. For the special case of /, = 1, 
we have the I networks. 

The theorems of principal interest to us are Theorems 2.2 and 2.4. Theorem 2.2 
applies in the special case of G() being a squashing function \|/(•) such as the sig¬ 
moid activation function, but a similar result holds if iy is any measurable function 
such that it can be used to approximate some squashing function on compact sets. 


F unctional-Link 
Net Computing: 

Theory, System 

Architecture, 

and Functionalities 


Yoh-Han Pao and Yoshiyasu Takefuji, 
Case Western Reserve University, 
Cleveland, OH 44106 


N eurocomputing can support 
learning relationships, cluster 
analysis, associative recall, and 
optimization. Currently, these proce¬ 
dures are based on different algorithms 
requiring different specialized system 
architectures. 

In this report, we describe a system 
architecture and a network computa¬ 
tional approach compatible with our 
goal of devising a general-purpose arti¬ 
ficial neural-net computer. This ap¬ 
proach has been described previous¬ 
ly. 12 We revisit it here to emphasize the 
advantages that accrue from simplifica¬ 
tion of net architecture. 

The theoretical basis of our approach 
is primarily Theorem 2.4 from work 
by Hornik, Stinchcombe, and White 3 
(see the sidebar above right). Specifi¬ 


cally, the theorem holds that if / is a 
mapping R r —» R (from /--dimensional 
space to one-dimensional space), then 
we can approximate that function arbi¬ 
trarily well by 

f = t P; G(A r x+b i ) 

i=o 

where (A t ■ x + bj) represents a linear 


transformation of the input pattern vec¬ 
tor x. We can understand the mapping 
of the above equation in terms of a feed¬ 
forward net that must learn both the 
two sets of weights (p ; ) and {A,} and 
thresholds bj, usually through back prop¬ 
agation of error. 

The random-vector version of the 
functional-link net generates {AJ and bj 
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Theorem 2.2 states that for every continuous nonconstant 
function G, every r, and every probability measure p on (R r , S'), 
Z IT (G) is dense in M', where p is a probability measure tak¬ 
en for convenience to describe the relative frequency of occur¬ 
rence of input “patterns” p, B' is the Borel field of R', and M' is 
the set of all Borel measurable functions from R' to R. 

The significance of Theorem 2.2, according to Hornik, Stinch- 
combe, and White, is that single hidden-layer feed-forward net¬ 
works can approximate any measurable function arbitrarily well, 
regardless of the continuous nonconstant function G used, re¬ 
gardless of the dimension of the input space r, and regardless of 
the input space environment p. In oth¬ 
er words, alii network can approxi¬ 
mate as closely as necessary the map¬ 
ping from R r to R, as described by any 
given function f. 

Theorem 2.4 states that for every 
squashing function \|i, every r, and ev¬ 
ery p on (R r , S'), is uniformly 
dense on compacta in O and p |t dense 
in M' (where O is the set of continuous 
functions from R' to R, and O is a sub¬ 
set of M 1 ). In other words, X networks 
are also universal approximators. 

More specifically, if a function f is a 


randomly, and must learn only (3 ; , 
This results in a flat-net architecture 
for which only weights {|3 y } must be 
learned. Learning is in the nature of 
quadratic optimization and is ex¬ 
tremely rapid. 

In this report, we illustrate the func¬ 
tionalities of supervised learning and 
optimization and briefly mention clus¬ 
ter analysis and associative recall. 


mapping from R' to R, then that function can be approximat¬ 
ed arbitrarily well by 

= G(A ; x + b y )j 

This approximator (the first equation in the main text) can 
be implemented in terms of a single hidden-layer feed-for¬ 
ward net with all weights A t and (3, to be learned (as well as 
the thresholds) with back propagation, or it can be imple¬ 
mented with a flat net, as described in the text. 


Supervised learning. Figure 1 com¬ 
pares the net architectures of the 
single hidden-layer net and the ran¬ 
dom-vector version of the function¬ 
al-link net. In the functional-link net, 
the vectors A ; and thresholds b j are 
generated randomly, not learned. 

Figure 2 compares the performanc¬ 
es of a single hidden-layer net and a 
functional-link net in an inferring 
network description of a two-dimen¬ 
sional surface, given only 24 exam¬ 
ples. 4 The actual two-dimensional 
surface is made up of two Gaussiaus, 
as Figure 2a shows. Data fed to the 
networks consisted of 24 samplings 
of the surface. Acting on that data, a 
back-propagation net with 48 hid¬ 
den-layer nodes was able to learn the 



Figure 2. Comparative evaluation of learning rates and approximation capabili¬ 
ties: (a) surface to be learned, consisting of two Gaussians; (b) back-propaga¬ 
tion net with 48 nodes in the hidden layer; (c) functional-link flat net with 48 
enhancement nodes; (d) functional-link flat net with 200 enhancement nodes. 
Learning time in (d) is 0.14 that of (a). 
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Figure 3. System architecture of the functional-link net. 


surface to the extent shown in Figure 
2b. The functional-link nets with 48 and 
200 enhancement nodes achieved bet¬ 
ter approximations with fewer iterations 
in less time (Figures 2c and 2d). 

System architecture. The random- 
vector version of the functional-link net 
is well suited to large-scale hardware 
implementation. Figure 3 schematically 
illustrates a network system architec¬ 
ture. 

Optimization. The functional-link net 
can support many different functional¬ 
ities with the same system architecture 


and with only mi¬ 
nor changes in the 
algorithm. Figure 4 
shows the use of 
such a net for deal¬ 
ing with the bipar¬ 
tite subgraph opti¬ 
mization problem. 5 

For the original 
10-vertex, 27-edge 
graph shown in 
Figure 4a, the task 
is to construct a bi¬ 
partite subgraph 
with the least num¬ 
ber of edges re¬ 
moved. The solu¬ 
tion shown in 
Figure 4b has 18 re¬ 
maining edges. In 
such a subgraph, 
no member of one 
set is connected di¬ 
rectly to another vertex of the same set. 
The objective is to find a bipartite sub¬ 
graph with the maximum possible num¬ 
ber of edges embedded or the least num¬ 
ber removed. 

The functional-link net is not shown, 
but in the input vector each vertex is 
represented by one neuron of the input 
layer, which is then augmented. The 
state of the ith vertex, whether it be¬ 
longs to one subset or to another, is 
represented by V x = 1 or V, = 0. The 
input/output function of the zth 
McCulloch-Pitts neuron is given by 
V, = 1 if x t > threshold, 0 otherwise. 

The functional-link net is used to learn 


the unknown Lyapunov function for the 
bipartite subgraph problem. For 
each input pattern, let p be an input 
pattern. The net adjusts the weights P, 
to minimize the system error 

£ = £ E p =X( net /> — P ena lty p ) 2 

where penalty,, is the number of edges 
removed and is the target output, and 
net p is the actual output of the func¬ 
tional-link net. 

Overview of algorithms. For map¬ 
ping or supervised learning, inputs are 
enhanced to x p with elements (x pl , x p2 , 
..., x pP ..., x pJ ). The target outputs are 
t pk and the weights are w kj . For func¬ 
tional-link nets, the outputs t k can be 
treated independently of each other. 
Therefore, we need only consider one 
output t and weights (3,. All other out¬ 
puts are treated in the same manner. 
Initially, the algorithm assigns the 
weight P, random values. It calculates 
the output o p linearly as o p = S p, For 
each input pattern the changes in the 
weights are taken to be 

Ap„ = Tl(/„ - o p )x pj 

The changes are calculated for all the 
patterns in the training set, and after 
each such presentation the weights are 
updated according to 

p / .(k + l) = p,.(fc) + X A P» 

Updating is continued until the values 
of the weights w, do not change sig¬ 
nificantly. The value of the parame¬ 
ter r| may be increased as (t p - o p ) de¬ 
creases. 

For self-organization or clustering, 
input patterns y,, are enhanced to pat¬ 
tern x p and fed to the net one at a time. 
Initially, there is no cluster prototype. 
Pattern x, is therefore a cluster proto¬ 
type with link weights b t = x n . The 
algorithm introduces pattern x 2 to the 
net and evaluates the distance from x, 
to x, according to the expression 

If d(x x , x 2 ) < cluster radius, then x 2 
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Figure 4. Solution and energy transitions for the bipartite subgraph problem: 
(a) original graph; (b) one solution with 18 edges embedded; (c) evolution of 
the optimization. 
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belongs to the same cluster as x, and the cluster prototype 
value bj is updated. 

In general, after k cluster centers have been formed, a new 
pattern is assigned to a particular cluster k if d(x, x k ) < 
d(x, x m ) for m = 1,2,..., and m*k, and if d(x, x k ) < cluster 
radius. Otherwise, a new cluster is formed. At all times, 
each cluster knows how many patterns are members of the 
cluster, and the cluster prototype is updated accord¬ 
ingly to 

&,.(«+! ) = -JL- bj (n)+ ~^ Xj 


where n is the number of patterns already associated with 
that cluster. 

For associative recall, each pattern y p may be enhanced to 
x p form. This generally results in higher memory capacity. 
For a set of stored patterns x p , the Lyapunov function is 

For any cue x, the elements x , are changed repeatedly accord¬ 
ing to 


; ‘ 3 x'j 

-a/2 

=-ocn 2j\ x Pi~ x i) e 1 

= ai\'Z(x pl -x j )E(x) 


Conclusion. In the functional-link net we try to separate 
the issues of representation and search, the latter to be 
understood in terms of search for a goal or a solution. The 
random-vector version of the functional-link net is eminently 
suitable for realization with simple hardware network archi¬ 
tectures. Numerous and significant advantages accrue from 
using a flat net, including rapid quadratic optimization in the 
learning of weights, simplification in hardware as well as in 
computational procedures, and uniform system architecture 
for all four functionalities. ■ 


References 


1. Y.H. Pao, Adaptive Pattern Recognition and Neural Networks, 
Addison-Wesley, Reading, Mass., 1989, pp. 197-222. 

2. Y.H. Pao and T. Goraya, “Neural Net Computation of Solutions 
to Ill-Formed Optimization Problems,” Center for Automation 
and Intelligent Systems Research report, Case Western Reserve 
Univ., Cleveland, Ohio, 1991. 

3. K. Hornik, M. Stinchcombe, and H. White, “Multilayer Feedfor¬ 
ward Networks Are Universal Approximators,” Neural Net¬ 
works, Vol. 2, No. 5,1989, pp. 359-366. 


4. N. Mues, “Evaluation of Characteristics of the Random-Vector 
Functional-Link Net in Supervised Learning and Optimization 
Tasks,” CAISR report, Case Western Reserve Univ., Cleveland, 
Ohio, 1991. 

5. Y. Takefuji, Neural Network Parallel Computing, Kluwer Pub¬ 
lishing, Hingham, Mass., 1992, pp. 1-26. 


Yoh-Han Pao is the George S. Dively Distinguished Professor of 
Engineering at Case Western Reserve University. He has served as 
chair of CWRU’s Electrical Engineering Department (1969-77), as 
director Of the National Science Foundation’s Electrical, Computer, 
and System Engineering Division (1978-80), and as founding direc¬ 
tor of CWRU’s Center for Automation and Intelligent Systems 
Research. He is also cofounder and president of AI Ware Inc., 
Cleveland, Ohio. 


Yoshiyasu Takefuji is on the faculty of the Electrical Engineering 
Department at Case Western Reserve University. His research fo¬ 
cuses on neural network parallel computing for solving real-world 
problems. He is the coauthor of two books, Digital Circuits (Ohm- 
Sha Publishers, 1984) and Neural Network Computing (Baifukan 
Publishers, 1991), and the author of a third, Neural Network Parallel 
Computing (Kluwer Publishers, 1992). 


INTERNATIONAL 
JOINT CONFERENCE 
ON NEURAL NETWORKS 



IJCNN 


BALTIMORE CONVENTION CENTER 
JUNE 7-11,1992 Baltimore, Maryland 

General Chair: Honorary Chair: 

Clifford Lau Bernard Widrow 

Office of Naval Research Stanford University 


Program Chair: 
John J. Shynk 
U.C. Santa Barbara 


Technical Sessions Available: 


• Artificially Intelligent Neural Networks • Optical Neurocomputers 

• Optimization • Associative Memory • Pattern Recognition • Electronic 
Neurocomputers • Robotics and Control • Image Processing • Sensation 
and Perception • Invertebrate Neural Networks • Sensorimotor Control 
Systems • Machine Vision • Signal Processing • Neural Fuzzy Systems 

• Supervised Learning • Neurodynamics • Unsupervised Learning 
8 SPECIAL SESSIONS will be offered. 

TUTORIALS Sunday, June 7,1992: 

• Applications For Neuroscience • Cognitive Science 

• Computational Vision • Wavelet Transforms 

• Robot Models of Behavioral Learning 

• Neural Oscillations: Models and Experiments 

• Analog VLSI Models of Neural Computation 

• Neurobiology of Memory and Learning 

• Neural Networks for Sensor Fusion 

• Electronic Implementation 

• New Learning Algorithms 
For Further Information Please Contact: 

IJCNN’92 Baltimore 
Meeting Management 
5665 Oberlin Drive, #110, San Diego, CA 92121 FAX (619) 535-3880 



INNS 

INTERNATIONAL 
NEURAL NETWORK 
SOCIETY 


Tel. (619)453-6222 


May 1992 








ADVERTISER INDEX PRODUCT INDEX 


AAAI’92/IAAI’92 .71 

Alsys, Inc.5 

CACI Products Company .1 

COMPASS’92 .94 

Data Engineering Conference.50 


American Eltec 
Analog Devices 
Antex Electronics 
Brooktree 


RS# 


141 
121 

142 
122 


Fault-Tolerant Computing Symposium.84-85 

FGCS’92 .25 

IBM Corporation .9 

IEEE Computer Society Membership.38,109 

IEEE Computer Society Ombudsman .71 

IEEE Computer Society Press .16A-B, 83 

IJCNN’92 .79 

Institute of Systems Science, National University of Singapore.24 

Interactive Development Environments .Cover IV 

Kuwait University .49 

Parallel Processing Conference.10-11 

Parallel Processing Symposium.Cover III 

Phoenix Conference on Computers and Communications.Cover II 

Plenum Publishing Corp.62 

Softstar Systems.36 

United States Department of Justice Office of Special Counsel.26 

VLDB '92.105 

World Computer Congress.4 

Classified Advertising .106-109 


FOR DISPLAY ADVERTISING INFORMATION. CONTACT: 

District Manager: D. Rodney Brooks; tel: (415) 905-0260; fax: (415) 896-1512. 
Recruitment & Classified Advertising: D. Rodney Brooks; tel: (415) 905-0260; 
fax: (415) 896-1512. 

Director of Sales: Randall L. Stickrod, South Park Media, 544 Second St., Suite 
200, San Francisco, California 94107; tel: (415) 905-0260; fax: (415) 896-1512. 

For production information, conference, and classified advertising, contact Heidi Rex 
or Marian Tibayan. 

COMPUTER, 10662 Los Vaqueros Circle, PO Box 3014, Los Alamitos, California 
90720-1264; tel: (714) 821-8380; fax (714) 821-4010. 


CACI Products Company 

California Micro Devices 

Cirrus Logic 

Compaq 

Dell Computer 

Delrina Technology Inc. 

Diaquest 

Genoa Systems 

Great American Software Inc. 

Hitachi America 

IBM 

IDE 

Innovative Integration 

Integrated Circuit Systems 

Intelligent Resources 

ITT Pomona 

Microsoft 

MicroSol 

MicroSpeed Inc. 

Moblus 

Motorola 

Plenum Publishing Corp. 
Radstone T echnology 
Real Time Devices 
Sensoray 
Siemens 
Softstar Systems 
Software Ingenuities 
Sonitech International 
Spectrum Signal Processing 
Symphony Labs 
TadpoleTechnology 
T rident Microsystems 
Verbex Voice 


123 

124 

37 

38 
23 

143 


125 


150 
130 

2 

41 

151 


131 

35 


42 


PG# 


89 


89 


87 

C.IV 


88 

89 

88 

87 


62 


89 

88 

36 

87 

89 


87 


COMPUTER 


































Reader interest 


Product information 




COMPUTER 

Reader Service Card 


Title_ 

Company _ 
Address _ 

City _ 

State/ZIP _ 










































Editorial comments 


/ liked: 


PO Box is for reader-service cards only. 


PLACE 

POSTAGE 

HERE 


I disliked: 


I would like to see: 


For reader-service inquiries, see other side. 


COMPUTER 

Reader Service Inquiries 
PO Box 16508 

North Hollywood, CA 91615-6508 
USA 


Editorial comments 

Hiked: _ 


PO Box is for reader-service cards only. 


PLACE 

POSTAGE 

HERE 


I disliked: 


I would like to see: 


For reader-service inquiries, see other side. 


COMPUTER 

Reader Service Inquiries 
PO Box 16508 

North Hollywood, CA 91615-6508 
USA 


Editorial comments 

Hiked: _ 


I disliked: 


PO Box is for reader-service cards only. 


PLACE 

POSTAGE 

HERE 


I would like to see: 


COMPUTER 

Reader Service Inquiries 
PO Box 16508 

North Hollywood, CA 91615-6508 
USA 


For reader-service inquiries, see other side. 

















































PRODUCT REVIEWS 


MicroTrac 


Today’s handsome notebook com¬ 
puter requires an equally attractive 
mouse or trackball. After surveying 
the field, I’ve decided — in my typi¬ 
cally unbiased way — that the only 
one I like is the new MicroTrac from 
MicroSpeed. Now don’t get me 
wrong; this isn’t the trackball I would 
use every day. My preference is the 
PC-Trac, also from MicroSpeed, 
which fits my large hand much more 
comfortably. But if I were to use a 
notebook daily, I would want some¬ 
thing small and versatile like the Mi¬ 
croTrac. 

The MicroTrac, about one sixth 
the size of its sibling, measures 3 
inches long by 2 wide and 1.25 high. 
However, the three buttons are large 
in relationship to its size. The track¬ 
ball also moves with the silky feeling 
that accompanies all MicroSpeed de¬ 
vices. (Although there are versions 
for both the IBM PC and the Macin¬ 
tosh, this review concerns the PC 
version only.) 

The 4-ounce MicroTrac is much 
more rugged and substantial than its 
competition. The ball itself is 0.75 
inch in diameter, with the buttons ta¬ 
pering from 1.25 inches at the edge to 
0.75 inch near the trackball. The 


One-Write Plus 


When I started reviewing products 
tor IEEE Software seven years ago, 
one of the first ones I looked at was 
One-Write Plus (May 1985, Vol. 2, 
No. 3, pp. 93-94). I concluded that 

One-Write Plus represents a good 
starting place for the small business 
person who needs to automate the 
company books. It is very well 
done, easy to use, and comes with a 
money-back guarantee... there are 
plans to augment the system with 
additional modules for accounts re¬ 
ceivable, accounts payable, and pay¬ 
roll/personnel. 


Editor: Rii 

Send review submissions to J.M. Jagadeesh, College of 


three buttons — at the left, top, and 
right of the device — can be config¬ 
ured as primary, secondary, and drag 
lock. You reassign the button func¬ 
tions by holding down the left and 
right buttons and clicking on the top 
one to move between the modes in se¬ 
quence. 

When I first started using this track¬ 
ball, I wondered why the people at 
MicroSpeed had changed the default 
so that the middle button is the prima¬ 
ry, the left one the secondary, and the 
right one the drag lock. This is differ¬ 
ent from the larger version and didn’t 
seem to make sense. But as soon as I 
started using the device, I found out 
why: You grip the MicroTrac rather 
than rest on it, so that your first finger 
rolls the ball and then slides up to 
click on the middle button. Of course, 
not to be remiss, I tried what I 
thought would be the more standard 
configuration: left primary, right sec¬ 
ondary, and middle drag lock, only to 
find that I didn’t like it! 

The MicroTrac has some other in¬ 
teresting features. First, it comes with 
a little LED that lights when a button 
is pushed and stays lit when the drag 
lock is enabled. Also included are two 
adapters so that the DB-9 pin connec¬ 


One-Write Plus belies today’s phi¬ 
losophy that less is more. Keeping the 
$299 price of seven years ago, this 
package from Great American Soft¬ 
ware now features all those additional 
modules and more. 

Opening up the hefty shipping box 
reveals 11 manuals of varying thick¬ 
ness. Now you might be awed by this 
complement or become intrigued with 
the concept that each manual answers 
the user’s “need to know” in some 
prescribed order. I was. So tossing off 
the thickest, which is the reference 
manual for the accounting system it¬ 


:hard Eckhouse, University of Massachusetts at Boston 
Pharmacy, Ohio State University, Columbus, OH 43210 


tor at the end of the 4-foot cable can 
be plugged into a DB-25 pin connec¬ 
tor or the mini-DIN PS/2 pointing- 
device port. The trackball also comes 
with a travel case and attachment 
hardware that includes Velcro and 
double-stick tape to hang the device 
on the side of your notebook. 

The trackball is completely compat¬ 
ible with a Microsoft or PS/2 mouse 
and with Windows. As with other Mi¬ 
croSpeed devices, this one includes an 
excellent manual and Precision Point¬ 
er software. The latter lets you cus¬ 
tomize the resolution (from 50 to 
9,600 points per inch) and the ballistic 
gain profile. Also, using the KeyMap 
utility, you can integrate the trackball 
into programs not originally designed 
to work with a pointing device. 

I’m not ready to trade in my larger 
trackball yet, but if I were, the Micro¬ 
Trac is the one I would favor. At 
$89.95, it’s a steal. You can get one 
from your local dealer or contact Mi¬ 
croSpeed Inc. at 44000 Old Warm 
Springs Blvd., Fremont, CA 94538; 
(415) 490-1403; fax (415) 490-1665; or 
circle Reader Service Number 21. 

— Richard Eckhouse, University of 
Massachusetts at Boston 


self, and the next thickest, which 
serves as the payroll reference manu¬ 
al, I quickly found the installation 
guide. This 8-page guide was all I 
needed to put the system on my hard 
drive from the five 3.5-inch floppies 
that were included. I did find it pecu¬ 
liar that the software wouldn’t install 
on my D drive partition. But no mat¬ 
ter, I accepted the C drive as the de¬ 
fault option and everything went 
smoothly. 

My next step was to take guided 
tours of the accounting and payroll 
systems. Being familiar with account- 
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ing systems, I didn’t really need to go 
through these tutorials, but I am one 
to read the manuals first (and I do 
like to find out how well they are writ¬ 
ten). The tutorials are well done and 
provide an excellent introduction to 
design philosophy and product use. 
One-Write Plus is a very intuitive im¬ 
plementation of a one-write account¬ 
ing system (where you write the check 
and post to the general ledger in the 
same operation). Even so, the tutori¬ 
als help to introduce the functions 
that a computer-based implementa¬ 
tion has to offer. For instance, ignor¬ 
ing the important stuff like bill paying 
or distributing invoices among the dif¬ 
ferent accounts, the tutorials guide 
you through using menus, on-screen 
messages, function keys, speed search¬ 
ing, cards, and most importantly, the 
unique feature called SuperTrack. 

The program’s approach is that ac¬ 
counting should be simple. The aver¬ 
age user doesn’t want to know about 
double-entry accounting and multiple 
ledgers for accounts payable or receiv¬ 
able. Instead, most users expect that 
the time saved by having a system or¬ 
ganize and quantify the financial activi¬ 
ties of a small organization can be ap¬ 
plied to running the business itself. 
Hopefully, it becomes a win-win situa¬ 
tion: better financial records and better 
control over the business. This is what 
makes a One-Write system so useful. 

Right from the start you know that 
you are working from a series of 
menus. I wasn’t surprised to find a 
booklet on PC Menu, which lets you 
change the menu display. Many users 
don’t need that much flexibility, but if 
you do want to add, modify, or delete 
something, this system makes it easy. 
Interestingly, each menu item actually 
results in two programs being execut¬ 
ed. For example, the accounting system 
is followed by the data-save routine. 

The DataSave module automatically 
backs up and restores your One-Write 
Plus files. Although you can change the 
menu to use your favorite backup/re¬ 
store routines, it’s nice to have all you 
need included with the basic package. 
Next, I read about DataSave from its 
separate user guide. 


Tracer 


Because optical forms recognition 
was new to me, when I heard that 
Delrina was offering PerForm Tracer, 
the forms-conversion software run¬ 
ning under Windows, I opted to take a 
look at it. After all, I had already re¬ 
viewed and praised PerForm Pro, a 


Most users expect that the 
time saved by having a 
system organize the 
financial activities of a 
small organization can be 
applied to running the 
business itself. 


I was now down to three manuals 
(besides the reference manuals). I was 
not interested in the Accounting 
Manual” because I didn’t plan to ex¬ 
tract accounting data for use with my 
spreadsheet. But if I had been, this 
software would have provided Lotus 
1-2-3 worksheets and macros for fore¬ 
casting, trends and ratios, cash-flow 
analysis, SuperTrack analysis, trial 
balance, loan analysis, and graphing. 
You can, in fact, use functions provid¬ 
ed by other popular spreadsheets, but 
the One-Write Plus people developed 
tools for 1-2-3 for obvious reasons. 

The Get Paid Plus user guide 
looked especially interesting. I didn’t 
know what to expect and was sur¬ 
prised and pleased to find that the 
guide is a document-processing and 
management system for business cor¬ 
respondence. It includes credit and 
collection letters, product announce¬ 
ments, special-offer letters, and other 
forms for particular businesses or situ¬ 
ations. Oh yes, I forgot to mention 
that the package can be set up to han¬ 
dle 14 types of organizations. 

The last little manual is about 
something called SuperTrack, an in¬ 
triguing utility that lets you track job 
hours, project dollars, inventory, com¬ 
missions, property management, and 
professional costs. SuperTrack is a 
pop-up that uses individual “cards” to 
capture an expense or a receipt as you 
enter it into the accounting system. 
Thus, if you were tracking 12 jobs, 
you would have that many cards to 


form-generation package from the 
same manufacturer ( Computer , Dec. 
1990, Vol. 23, No. 12, pp. 90-92). 

The idea behind Tracer is pretty ob¬ 
vious: You convert an existing form to 
an electronic one that PerForm Pro 
can work with. The question is wheth¬ 


pick up the expenses, receipts, and 
even job hours as you entered them 
into the accounting database. Later, 
you could print detailed reports, sum¬ 
marizing the data by card and activity. 
This kind of tracking is not often 
found in low-end systems. 

Enough about manuals. What about 
the system itself? I judge a value- 
priced accounting system by how easy 
it is to set up, how it tracks accounting 
data, and which forms it produces. In 
all respects, this package exceeds my 
needs in each category. The reference 
manual provides 

• a plan for converting to a comput¬ 
er accounting system; 

• a reasonable set of accounts that 
can be modified; 

• invoice generation for professional, 
service, and inventory businesses; 

• a way to manage your accounts 
payable and receivable; and 

• a system for continuously config¬ 
uring the system to meet your 
changing needs. 

Was there anything I didn’t like? 
Not really, but I did miss the capabili¬ 
ty to issue purchase orders. And I was 
sorry to learn that the table structure 
of the payroll module could not han¬ 
dle the deductions for my state name 
(MA) or for OK, OR, and UT. I 
could, of course, hand-generate my 
own POs. The workaround for the 
payroll problem is to simply enter the 
amounts to be deducted by using stan¬ 
dard federal and state tax tables. 

The bottom line is that One-Write 
Plus is an excellent value — my ac¬ 
countant keeps telling me to use it. 
This recommendation aside, if you are 
looking for a computer-based system 
that doesn’t require you to think like 
an accountant, this program is the 
place to turn. And if you don’t believe 
me, call and ask for a demo disk. 

Readers can reach Great American 
Software Inc. at 615 Amherst St., 
Nashua, NH 03063; (603) 889-5400; or 
circle Reader Service Number 22. 

— Richard Eckhouse, University of 
Massachusetts at Boston 


er optical forms recognition is faster 
than the manual process. The answer 
is yes and no. 

Tracer’s deceptively simple menu 
has only three items: File, Edit, and 
View. From the File menu you can 
convert, save, configure, and set pref- 
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erences. The conversion can be auto¬ 
matic, interactive, or both, with Trac¬ 
er accepting TIFF, PCX, and PNT 
scanned images. In all my tests, the 
automatic/interactive mode worked 
just fine, with Tracer performing the 
initial conversion and letting me edit 
the converted form. The package lets 
you rotate scanned landscape-mode 
forms 90 degrees clockwise or coun¬ 
terclockwise. Measurement units in¬ 
clude inches, centimeters, and points. 
Also, a 1-point (1/72-inch) snap lets 
Tracer shift the position of converted 
objects to the nearest gradient in the 
grid to line up closely-positioned ob¬ 
jects. 

You can specify 

• the minimum recognized line 
length; 

• the maximum line thickness; 

• the maximum gap between lines 
and between square and rounded 
corners making up a box; 

• comb tolerance (that is, recogniz¬ 
ing when adjacent boxes make up 
a collection of boxes); and 

• the maximum skew (how much a 
line can vary from the horizontal 
or vertical). 

Form options set line thickness 
(whether fixed or variable for all 
lines), left and right margins, scaling 
of the resulting form, and whether a 
comb can contain text. You select all 
specifications under the File menu. 

The Edit menu offers only three 
commonplace options: undo, cut, and 
paste. The View menu offers four op¬ 
tions: fit in window, fit sides, real size, 
and enlarge. The real work is done 
with the editing tools, which consist of 
eight icons along the left side of the 
Tracer window. These icons 

• select an object for editing, 

• reconvert selected portions of the 
form, 

• zoom into or out of a portion of 
the form, 

• display one of the four views of an 
object (scanned image, recognized 
form, recognized form over the 
scanned image, and preview of 
what PerForm Designer will see), 

• erase an object, 

• break a comb or boxes into indi¬ 
vidual elements, and 

•join multiple objects into a single 
object. 

During the editing phase, when you 
double-click on an object, an informa¬ 
tion dialogue box comes up to show 
its position and dimensions. You can 
modify and preview changes to the 




The idea behind Tracer is 
pretty obvious: 

You convert an existing 
form to an electronic one 
that PerForm Pro can 
work with. 


object (like joining the corners of a 
box, increasing the number of lines in 
a comb, and adding new lines either 
horizontally or vertically). All in all, 
Tracer is an easy-to-use, complete 
package for optical forms recognition. 

However, when I started this review 
by asking whether OFR can speed up 
the process of converting a form to its 
electronic image, I said yes and no. 
The reason for the “yes” is that I of¬ 
ten want to capture someone else’s 
form for my own use. Tracer lets me 
do this without having to measure and 
redraw every line, box, or comb that 
makes up the form. But the “no” 
comes from the fact that once I have 
scanned in an image, I still have to re¬ 
move unwanted lines or boxes and 


separate combs into individual ele¬ 
ments and recombine them into a dif¬ 
ferent comb, lining up boxes skewed by 
the scanning process and adding text or 
graphics completely ignored by Tracer. 
It’s true that this may take less time 
than the manual method for generating 
a form, but your skill (and thus speed) 
will depend on how often you use 
Tracer and PerForm Designer. 

Like all the Delrina products I have 
reviewed, I do like Tracer. It is con¬ 
ceptually well thought out, which is 
reflected by how rapidly and easily 
you can use it. The manual is excel¬ 
lent, short, and to the point. It con¬ 
tains a tutorial and scanned-in images 
for practicing your conversion skills. 
So if you need OFR, give Tracer a try 
before the price is increased (it is cur¬ 
rently $99 instead of its normal $495). 
It comes with a 60-day, no-hassle 
guarantee. 

Readers can contact Delrina Tech¬ 
nology Inc. at 6830 Via Del Oro, Ste. 
240, San Jose, CA 95119-1353; (408) 
363-2345; or 1945 Leslie St., Toronto, 
Ontario M3B 2M3, Canada; (416) 
441-3676; or circle Reader Service 
Number 23. 

— Richard Eckhouse, University of 
Massachusetts at Boston 
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Sponsored by EEEE Computer Society, The University of Massachusetts, Texas A&M University and the 
Charles Stark Draper Laboratory, Inc. in co-operation with IEEE Technical Committee on Fault-Tolerant Computing 
and IFIP Working Group 10.4 

The Lafayette Hotel Boston, Massachusetts USA July 8 - 10, 1992 


SCOPE 

The Technical Program will cover the following topics: 

. Architecture . System Fault Detection and Reconfiguration 

. Communication Protocols . Self-Checking and Diagnosis 

. Modeling and Simulation . Fault Tolerant Hypercubes and Meshes 

. Error Correcting Codes . Scheduling and Fault Classification 

. Synthesis for Testability . Wafer Testing and Defect Toleranc 


Fault Injection 

Test Pattern Generation 

Recovery 

Fault Tolerance Theory 
Field Experience 


In conjunction with FTCS-22, a workshop on Fault-Tolerant Parallel and Distributed Systems, will be 
held in Amherst, MA, July 6-7. For further information call Don Fussell at (512) 471-9719 or send e-mail to 
fussell@cs.utexas.edu. If you cannot attend the workshop, you may order the Digest-, see below. 


EXHIBITS For the first time, FTCS will be providing a comprehensive program of commercial and university 
exhibits. The following have planned to exhibit: Charles Stark Draper Laboratory, Digital Equipment Corporation, 
IBM, Integrated Micro Products, Sequoia Systems, Stratus Computers, Tandem Computers, MIT Press, Digital Press, 
Carnegie-Mellon University, and Texas A&M University. In addition to their exhibits, the exhibitors will be presenting 
informative technical briefings during the "Exhibitors' Forum" all day on Thursday, July 9. A special exhibits-only 
registration fee will be available. Call:(409) 862-2438. For other information, contact Professor Dhiraj K. Pradhan, 
Symposium Chair, at (409) 862-2438. 


ABOUT BOSTON The conference site is The Lafayette Hotel, located within convenient walking distance of major 
attractions such as the Freedom Trail, the Boston waterfront, the State House and Faneuil Hall. Short trips to such spots 
as Beacon Hill are within easy reach where a walk along gas-lit brick sidewalks and cobblestone streets is reminiscent of 
the nineteenth century. SAIL BOSTON 1992 (Tall Ships) are expected. For other Boston information, contact the 
Boston Tourist Bureau, (617) 536-9427. 


EVENTS On Wednesday afternoon, July 8, we will have a scenic two-hour cruise in Boston Harbor including a 
preview of SAIL BOSTON 1992, with music by the "New Black Eagle Jazz Band." The cruise will be followed by a buffet 
dinner and private admission to Boston's Computer Museum. The banquet on Thursday evening features a sumptuous 
reception and dinner, followed by a technical talk by a leading commercial developer of fault-tolerant systems. Guest 
tickets will be available for all these events. 


HOTEL INFORMATION: The Lafayette Hotel: One Ave. de Lafayette; Boston, MA 02111 Tel: (800) 621-9200 
Single/double @$99.00 + 9.7% MA tax. ----— 


FTCS-22 REGISTRATION INFORMATION 


Send Registration To: 

Marsha Lee 


NAME:_ 

CO._mail stop_ 

ADDRESS_ 

CITY__STATE_ZIP 

COUNTRY_ TEL:_ 

IEEE/Computer Society Member No._ 


Computer Science Dept. 
Texas A&M University 
H. R. Bright Building 
College Station, TX 77843 
Tel: (409) 862-2438 
Fax: (409) 847-8578 


Registration IEEE Member Non-Member Student 

Fees By 6/15 US$350_ US$425_ US $90_ 

After 6/15 US $400_ US $495 __ US $110, 


Registration includes: FTCS-22 Digest, lunch-7/8, receptions, (cruise, museum, dinner), and banquet. 

Additional copies of FTCS-22 Digest: US $40.00 _Workshop Digest US $25.00_ 

COMPANIONS: Lunch, 7/8 $25.00_Cruise, museum, dinner $45.00_ 

Banquet $55.00_Special Dietary Requirements:_TDTTAIL IFEES 


SEND FULL PAYMENT IN US$ WITH THIS FORM. USE CHECK OR CREDIT CARD. PURCHASE ORDERS 
ARE NOT ACCEPTED. MAKE CHECKS PAYABLE TO FTCS-22 . USE YOUR CREDIT CARD TO REGISTER BY FAX. 
WE WILL CONFIRM REGISTRATION BY MAIL. 

FOR CREDIT CARD PAYMENT. Check card type: VISA_ MASTERCARD_AMEREXPRESS_ 

CARD NO.:_EXPIR. DATE:_CARDHOLDER SIGNATURE_ 


























1992 WORKSHOP ON FAULT-TOLERANT 
PARALLEL AND DISTRIBUTED SYSTEMS 

Sponsored by IEEE Computer Society in cooperation with IEEE Technical Committee on Fault-Tolerant Computing 
Campus Center Hotel Amherst, Massachusetts USA July 6-7, 1992 

***************************************************************************************************** 

In conjunction with FTCS-22 in Boston, a workshop will be held on Fault-Tolerance in Parallel and Distributed 
Computing in nearby Amherst, Massachusetts. Just beyond the Tanglewood Summer Music Festival in the Berk- 
shires, Amherst is home to the University of Massachusetts, Amherst and Hampshire Colleges, with Mt. Holyoke 
and Smith Colleges in its background. The workshop will be held in the Campus Center Hotel on the University of 
Massachusetts campus. 

The two-day workshop will feature presentations of novel research by experts in the field combined with ample 
opportunities for discussion. Refereed papers describing the work presented by the speakers will be collected in a 
Digest published by IEEE, which will be provided to workshop participants at registration. 

Sessions will cover the following topics: 

• Software Fault Tolerance Techniques • Experimental Case Studies 

• Reliability and Availability Analysis • Recovery Techniques 

• Fault-Tolerant Distributed Systems • Fault-Tolerant Networks 

• Fault-Tolerant Multiprocessor Systems 

For participants who also plan to attend FTCS-22 in Boston, transportation from the workshop to the FTCS 
conference hotel will be provided at the conclusion of the workshop. 

Discounted rates for joint registration for the workshop and FTCS-22 may be available. For further information 
please contact Marsha Lee, Tel: (409)862-2438, email: marsha@cs.tamu.edu or Don Fussell, Tel: (512)471-9719, 
email: fussell@cs.utexas.edu. 

HOTEL INFORMATION 

Participants should make their own reservations by June 19, 1992 at The Campus Center Hotel, University of 
Massachusetts at Amherst, Amherst, MA 01003 Tel: (413)549-6000 ext. 7714. Workshop rates are $54 for a single 
room and $64 double occupancy. To obtain these rates, ask for reservation block F-598. 


(^P) IEEE COMPUTER SOCIETY 


► THE INSTITUTE OF ELECTRICAL AND 
ELECTRONICS-- 


WORKSHOP REGISTRATION 

NAME: 


Send Registration to: 

Marsha Lee, Computer Science Dept. 

CO: 

_ mail stop: 


Texas A&M Universitv 

ADDRESS: 



H.R. Bright Building 

CITY: 

STATE: 

ZIP: 

College Station, TX 77843 

COUNTRY: 

TEL: 


Tel: (409)862-2438 

lEEE/Computer Society Member No.: 


Fax: (409)847-8578 


Registration IEEE Member Non-Member Student 

Fees By 6/15 US $180_ US $225 _ US $75_ 

After 6/15 US $220_ US $275 _ US $75_ 


Additional copies of Digest: US $25 X _= $_ Total Fees: US $_ 

Registration includes the Workshop Digest and lunch on July 6 and 7. 

Special Dietary Requirements: _ 

Transportation from the workshop to the FTCS conference hotel is_/ is not_required. 

SEND FULL PAYMENT IN US$ WITH THIS FORM, USE CHECK OR CREDIT CARD. PURCHASE ORDERS 
ARE NOT ACCEPTED. MAKE CHECKS PAYABLE TO WORKSHOP ON FAULT-TOLERANT PARALLEL 
AND DISTRIBUTED SYSTEMS. (1992FTP&DS) USE YOUR CREDIT CARD TO REGISTER BY FAX. WE 
WILL CONFIRM REGISTRATION BY MAIL. 

CREDIT CARD PAYMENT: Check card type VISA__MASTERCARD_AMERICAN EXPRESS_ 

Card Number: _Exp. Date_Signature: _ 

































NEW PRODUCTS 


A range of new hardware 


Workstation in a notebook 

Tadpole Technology has announced 
the Sparcbook 1 notebook, which 
conies with the Solaris operating envi¬ 
ronment for Unix. Solaris 1.0.1 con¬ 
tains SunOS 4.1.2 and OpenWindows 
Version 3. An early version of Solaris 
2.0 will be available for users who re¬ 
quire access to SunSoft’s Unix System 
V Release 4. An optimized version of 
Insignia Solutions’ SoftPC MS-DOS 
emulation is also available. 

The 6.8-pound notebook measures 
11.8 x 8.5 x 1.9 inches and features a 
Sparc 32-bit RISC manufactured in 
0.7-micron HCMOS technology. The 
company claims 18 MIPS of sustained 
performance at 25 MHz and 12.6 
Specmarks. The processor core also 


Pick Unix or DOS 

Mobius Computer has announced 
two additions to the Protege series of 
Intel-based Unix workstations. The 
P450icx and the P450i use a 486 pro¬ 
cessor operating at 50 MHz and reput¬ 
edly deliver 30-MIPS performance. 

The workstations are preconfigured 
with SunSoft ISC Unix or SCO Open 
Desktop and are upwardly compatible 
with Solaris 2.0. They also run DOS 
under emulation or true DOS, due to 
the 486 processor. 

The P450icx includes a 128K cache. 


contains eight register window sets of 
24 registers, a four-stage pipeline, and 
a 64-bit Mbus. 

The core system consists of two 
conventional PCBs with surface- 
mounted components on both sides. 
The system provides a 64-bit CPU/ 
memory data path, 256 Kbytes of dis¬ 
play RAM, a controller ASIC, a 32- 
Kbyte screen accelerator, an Ethernet 
interface, and a floppy and hard-disk 
controller. 

The primary disk has either 85 or 
120 Mbytes of capacity. A second 120- 
Mbyte disk can fit into the floppy 
drive. Users can select 8,16, or 32 
Mbytes of DRAM in 4- or 16-Mbit de¬ 
vices. Users can also choose a gray- 


a 32-bit EISA bus with an intelligent 
bus-mastering disk interface, a 213- 
Mbyte SCSI hard disk (expandable to 
1 Gbyte), and 2.4-Mflops perfor¬ 
mance. Other features include a 
graphics accelerator and 256 colors 
from a palette of 16.7 million, a 17- 
inch flat-screen display, a built-in 
thick or thin Ethernet interface, and a 
1.44-Mbyte DOS-compatible floppy 
drive. The accelerator is rated at 
560,000 2D vectors/second with a bit- 
bit rate of 20 megapixels/second. 



Model P450icx of the Mobius Protege 
series includes a 2D accelerator up¬ 
gradable to 1,024 x 1,024 resolution. 


Compaq expands the middle 

Compaq Systempro PC-based net¬ 
work servers come in three models 
that feature the 32-bit Intelligent 
Drive Array (IDA) controller and a 
pair of fixed-disk drives. The trio also 
features 10 EISA expansion slots in a 
tower chassis and a maximum of 64 
Mbytes of RAM, 4 Gbytes of internal 
storage, 18 Gbytes of internal and ex¬ 
ternal storage, and 8 Gbytes of unat¬ 
tended tape-backup capacity. 

The $8,399 Systempro/LT IDA 
Model 386/33-680 includes a 33-MHz 
386 processor, a 16-Kbyte four-way 
set-associative write-through cache, 4 


scale or color LCD with 640 x 480 reso¬ 
lution. 

The Sparcbook uses 82 full-size 
keys and 12 function keys. Sun Mi- 
crosystems-compatible Left and Right 
function keys may be accessed, and 
system controls can be called from the 
keyboard. A MouseKey pointing de¬ 
vice is integrated into the keyboard. 

The notebook includes an IEEE 
802.3-compliant Ethernet 15-pin AUI 
interface to external transceivers. 
Built-in software allows users to link to 
networking services without knowing 
Unix. 

Sparcbooks start at $4,950. 
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The P450icx is compatible with 
Unix System V, TCP/IP, NFS, DOS 
compatibility mode, the X Window 
System Version 11.4, and Motif Win¬ 
dow Manager. 

The ISA-bus interface Model 450i 
includes an accelerator rated at 
320,000 2D vectors/second and a 14- 
inch color flat-screen display. 

The P450icx is $9,365, and the 450i 
is $6,385. 
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Mbytes of RAM, support for 387 or 
Weitek 3167 coprocessors, and a 680- 
Mbyte drive-array pair of two 340- 
Mbyte fixed-disk drives. 

The $9,499 LT IDA Model 486SX/ 
25-680 includes a 25-MHz 486SX, an 
integrated cache controller with 8 
Kbytes of cache memory, 4 Mbytes of 
RAM, support for the 487SX copro¬ 
cessor and Intel OverDrive processor, 
and a 680-Mbyte drive-array pair. 

The $12,399 LT IDA Model 486/33- 
1020 includes a 33-MHz 486, an inte¬ 
grated 387-compatible coprocessor, an 
integrated cache controller with 
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8 Kbytes of cache memory, 8 Mbytes 
of RAM, support for the Weitek 4167 
and Intel OverDrive processor, and a 
1,020-Mbyte drive-array pair. 

The company has also announced 
single-drive models with 210- and 510- 
Mbyte disk drives. 

Current Systempro/LT users can 
upgrade by trading in original proces¬ 
sor boards for a credit. 

Readers Service Number 37 


Speed-doubler technology 

Dell Computer has announced four 
PCs that incorporate the Intel 486 
DX2 processor, which lets the systems 
run at 50 MHz while retaining a CPU 
bus speed of 25 MHz. All systems in¬ 
clude programmable Flash EPROM 
BIOS for upgrading system BIOS by 
loading a floppy. 

An entry-level 486P/50 with 4 
Mbytes of system memory, a 100- 
Mbyte hard drive, one floppy drive, 
and a VGA color monitor is $2,799. 
The 486D/50, which allows more ex¬ 
pansion, is $3,179. 

The desktop PowerLine 450DE/2 
and the floor-standing PowerLine 
450SE/2 employ 32-bit EISA designs 
and come with 4 Mbytes of system 
memory, a 230-Mbyte hard drive, one 
floppy drive, and a VGA color moni¬ 
tor. The DE/2 starts at $4,599 and the 
SE/2 at $6,599. 
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AS/400S feature 16-Mbit 
DRAM 

IBM is expanding its AS/400 com¬ 
puter series by adding the E models, 
claiming that the E90 three-way mul¬ 
tiprocessor is 70 percent more power¬ 
ful than the current two-way D80. 

Models E80 and E90 use closely 
coupled processors based on the N- 
Way multiprocessing architecture. 

The E90 has a 16-Mbit DRAM and a 
maximum memory capacity of 512 
Mbytes. 

Small and midsize E models use a 
1-Gbyte 3.5-inch disk drive, and ex¬ 
cept for the entry-level E02, these 
computers also use the IBM 3995 
high-capacity optical storage system. 

A remote controller permits attach¬ 
ment to LANs. 

IBM’s AS/400 B, C, and D models 
are field upgradable. 
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Windows development tools 


C/C++ for Windows 3.1 

Microsoft has announced the Cl 
C++ Version 7.0 development sys¬ 
tem for Windows 3.0 and 3.1. It fea¬ 
tures High-Performance Technolo¬ 
gy to provide advanced C++ design, 
new compiler optimizations, and an 
applications framework for objects 
under Windows. 

The software toolset includes the 
Windows debugging kernel and set¬ 
up toolkit, and a new version of 
CodeView for debugging, a faster 
Programmer’s Workbench, and the 
Qualitas 386Max memory manager 
to ease memory constraints. 

Robust C++ Version 2.1 code 
generation produces correct object 
code from complex or obscure 
source expressions, according to the 
company. Microsoft Foundation 
Classes provide more than 60 C++ 
classes that abstract the functional- 


Programming in style 

Software Ingenuities has an¬ 
nounced version 1.1 of the Style 
class library for C++ object man¬ 
agement. The programming tool 
lets developers use the C++ new 
operator as the normal selection to 
manage all interactions transparent¬ 
ly with the Windows 3.0 global 
heap. 

Programmers can use a single call 
to perform such operations as ac¬ 
cessing distantly linked objects, col¬ 
lecting objects that meet certain cri¬ 
teria, destroying selected objects, 
and saving and loading objects from 


A GUI for voice 

Verbex Voice Systems has an¬ 
nounced a conversational speech in¬ 
terface for Windows programming 
environments that lets developers 
integrate speech with the keyboard, 
mouse, and pen. The interface 
“maps” or follows application devel¬ 
opment cycles, responding to ac¬ 
ceptable alternatives as dictated by 
Windows. For example, the instruc¬ 
tion input from a mouse to move 
from one screen to another is 
mapped by the speech interface, 
which responds by linking with a re¬ 
lated grammar file and an instruction 
set corresponding to the new screen. 


ity of the Windows Application 
Programming Interface. Develop¬ 
ers can add object-oriented code 
and still call API functions directly 
at any time; a programmer can add 
new functionality to existing C ap¬ 
plications for Windows without 
completely rewriting them. 

A Microsoft Overlay Virtual En¬ 
vironment lets programmers build 
large DOS programs by overlaying 
both code and data. 

The software costs $499. Users of 
previous versions of C and C++, in¬ 
cluding Microsoft C, Borland C++, 
Watcom C, or Zortech C++, can 
upgrade for $139 in the US. The 
package will also be available in 
Europe; a kanji version is being 
prepared. 
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disk files. They can also print select¬ 
ed objects and the links between 
them. 

Style runs under DOS, Unix, and 
OS/2 2.0. It comes with source code 
for all three versions, although the 
source costs $100 over the DOS price. 

DOS/Windows is $250, Unix is 
$550 for the first copy (and $250 for 
each additional one), and the OS/2 
version (available in about two 
months) is $350. The company plans 
an upgrade to Windows 3.1. 
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The system uses integrated 
speech macros that initiate a series 
of procedures with a single continu¬ 
ous utterance. The interface con¬ 
verts speech to computer commands 
and data, and verifies and processes 
speech results. It also translates, in¬ 
terprets, formats, and routes these 
results to computer applications. 

The interface verifies and 
prompts speakers (the company 
claims that the system recognizes 
speech regardless of dialect or ac¬ 
cent). 

Reader Service Number 42 
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1C Announcements 

Company, Model, Function Comments R.S. No. 


Analog Devices 
AD899 

Read-channel IC 


Brooktree 

Bt919 

A/D converter 


California Micro 
Devices 

Resistor network 


Single 5 V, 52-pin IC supports data rates up to 32 Mbits/s. Includes automatic gain control, 
filters, data qualifer, data synchronizer, encoder/decoder, write clock synthesizer, and servo 
demodulator. All key parameters are user-programmable. Samples available now, produc¬ 
tion quantities in third quarter 1992. Cost (OEM quantities): $10. 

CMOS device provides 13-bit high-resolution performance and throughput rates up to 400 
kilosamples/s while reducing power dissipation to 0.25 W. Supports high bit-rate digital sub¬ 
scriber line transceivers that allow Tl/El communication service over unconditioned and re¬ 
peaterless twisted copper pairs. Available in 84-pin PLCC package. Cost (in 100s): $60. 

Surface-mount resistor network is packaged in 25-mil lead pitch SOP. Resistance range is 
10Q to 1MD with typical tolerances of ± 1 %. Available in isolated and bused terminations 
and 16-, 20-, and 24-pin narrow-body (150- mil) packages. Cost (in 10,000s): $0.95. 


Cirrus Logic 
CL-GD6412 
LCD VGA controller 


Hitachi America 
HD64570CP16/F16 
Serial communications 
adapter 


Integrated Circuit 
Systems 

ICS1700 QuickSaver 
Recharge controller 


ITT Pomona 
SMT pin adapters 


Motorola 

DSP56002 

Digital signal processor 


Motorola 
DSP56401 
Digital audio 
transceiver 

Siemens 

PMB2200/2400 

Transmit/receive 

modulators 


Symphony Labs 
Haydn 

PC logic chip set 


Trident Microsystems 
TVGA8900CX 
VGA chip 


Single-chip controller supports JEDEC No. 8 LVCMOS 3.3V operating standard, while the 
structure of its video memory, host bus, panel, and clock interfaces allows mixing 3.3 V and 5 V 
components in any configuration. Provides 64 shades of gray on monochrome LCD and can 
drive a 512-color active-matrix LCD. Packaged in 160-pin QFP. Cost: $65. 

SCA operates at 16.7 MHz and offers software-controlled multiple data link protocols. Con¬ 
figures two 12-Mbps serial channels independently via user-selectable registers. Incorpo¬ 
rates a four-channel DMA controller with chained-block transfer capability, four 16-bit tim¬ 
ers, a digital phase-locked loop for clock recovery, and transmit/receive FIFO buffers. 
Available in 84-pin PLCC (CP16) and 88-pin QFP (F16). Cost (in 1,000s): $27. 

RISC-processor-based IC controls recharging of most NiCad batteries in as little as 20 min¬ 
utes, according to the company. Uses charging method patented by Christie Electric, 
incorporates eight techniques to determine when to end the charge, and offers multiple 
charge rate capabilities through user-programmable select lines. Available in 16-pin DIPs 
and 20-pin small-outline surface-mount packages. Cost (in 10,000s): $8.05. 

Series of spring-loaded adapters allow on-board testing of 25-mil lead surface-mount tech¬ 
nology devices without permanently installing the SMT packages. Available in six general 
PGA layouts. Can be ordered for specific devices. Cost (in 10s): from $807. 

HCMOS 24-bit general-purpose DSP delivers 20 MIPS and a 50-ns instruction cycle time 
driven by a 40-MHz clock. Upwardly compatible with 56001. New features include special 
on-chip emulation technology for debugging and a phase-locked loop for full-speed opera¬ 
tion using almost any external clock system. Cost (in 1,000s): $65. 

Single-chip transmitter and receiver implements AES/EBU/CP340 interface standard. 
Working as a digital audio peripheral, the 56401 can receive data at one sample rate and 
transmit it at another after a DSP from the 24-bit 56000 family has manipulated it. 

Available in 64-pin plastic QFP. Cost (in 1,000s): $20. 

Single-chip devices comply with CTI A-endorsed IS-54 standard and GSM standard for digi¬ 
tal wireless systems in the US and EC, respectively. The PMB2200 transmit modulator con¬ 
verts baseband signal directly into RF carrier frequencies in the 700-MHz to 1-GHz range. 
The PMB2400 receive modulator mixes the input signal in two stages with the aid of two on- 
chip oscillators. Cost (in 1,000s): $7.85. 

Single chip set supports all cache or noncache Intel and AMD 386/486-based systems. Two- 
device set consists of the SL82C460 system controller and bus controller. Three-device set 
adds the SL82C465 direct-mapped cache controller. All devices are shipped as 50-MHz ver¬ 
sions with support for lower speeds. Cost (in 1,000s): $31. 

Graphics chip improves Windows performance and enables PCs to display 24-bit images. 
Designed to interface with ISA, MCA, and Local bus, the TVGA8900CX includes a local bus 
interface that supports direct communication with 386 or 486 processors, bypassing the 8- 
MHz ISA bus bottleneck and transfering graphics memory at the host CPU’s speed. Avail¬ 
able in 160-pin plastic QFP. Cost (in 1,000s): $20. 
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Microsystem Announcements 

Company, Model, Function Comments 


American Eltec 
Eurocom 17 
Graphics computer 

Antex Electronics 
Series 2/Model SX-15 
Digital audio processor 


Diaquest 
DQ-Animaq 
Animation controller 


Genoa Systems 
SuperXGA 9600/9400 
Graphics card 


Innovative Integration 
SBC25 

Single-board computer 


Intelligent Resources 
D1 Serial 
Interface modules 


Industrial VMEbus graphics computer with 640 x 460 pixel VGA graphics takes one card 141 
slot. Includes a 68030 operating at 25 MHz, four serial ports, and ports for 20-bit parallel TTL 
and Centronics-compatible devices, plus a Cheapernet interface. Cost: $3,600. 

Solid-state, PC-compatible, full-size add-in card for direct-to-disk recording and playback 142 

in real time. Supports simultaneous record and replay on two separate audio channels with 
full 18-bit resolution at programmable sampling rates from 6.25 to 50 kHz. Incorporates 
TMS320C51 DSP running at 50 ns. Meets 8- and 16-bit PCM, 4-bit ADPCM, D VI, CD-ROM- 
XA, and CD-I format standards. Cost: $1,895. 

Macintosh board-level controller for frame-by-frame recording, frame-accurate digitizing, 143 

and video editing. Desktop model is a single-slot, two-board set that supports serial and par¬ 
allel-controlled VTRs and includes RS-170A type sync generator, SMPTE/EBU timecode 
reader/generator, and field detection circuitry. Broadcast model is a single-board configura¬ 
tion that supports only serial video recorders. Cost: $3,395 (desktop), $2,595 (broadcast). 

The 9600 is designed for PS/2 systems equipped with Micro Channel bus, and the 9400 is de- 144 

signed for PC/AT bus configurations. Standard features include 70- or 72-Hz flicker-free ver¬ 
tical refresh rate, noninterlaced and interlaced resolutions up to 1,024 x 768 at 256 colors. 

Cost: $799 (9600), $749 (9400). 

SBC features the TI320C25 DSP processor operating at 12 MIPS. Includes eight analog in- 145 

puts, four analog outputs, 24 bits of digital I/O, priority interrupt controller, three serial 
ports, a real-time clock, four counter/timers, and a choice of Assembler or II Forth software 
development environments. Cost: from $499. 

D1 Serial (CCIR 601 digital) I/O modules let users of the company’s Video Explorer digital 146 

processing card for the Macintosh connect directly to D1 video equipment. The connection 
supports real-time transfer of stills, animations, and video. A complete developer' s kit is 
also available. 


MicroSol 

IE-196 

Single-board computer 


Radstone Technology 
MBI-2 

Interface controller 


Real Time Devices 
DI024 

Digital I/O card 

Sensoray 
Models 7419,7405 
Sensor processor, 
output interface 


Sonitech International 
Spirit-430 VME 
VMEbus DSP board 


Spectrum Signal 
Processing 
DSP56401EVB 
Evaluation board 


SBCis based on the Intel 80C196KC and designed to be an instrumentation engine. Includes 147 
JEDEC memory card port, Flash memory program storage, 4-Kbit serial EEPROM, real¬ 
time clock, 20-key keypad interface, RS-232C serial port, parallel printer port, software driv¬ 
er source code in C, and documentation. Cost: $499. 

Intelligent Mil-Std-1553B interface controller provides dual channel and dual-redundant 148 

capabilities for the VMEbus. Both 1553B channels operate independently in either bus con¬ 
troller, remote terminal, or passive bus monitor modes. A 32-bit 68020-based subsystem con¬ 
trols data transfers. Cost: $5,995. 

Short slot DI024 has 24 digital I/O lines based on the 8255 chip and drives PC bus opto-22 149 

equipment directly. Buffer circuitry supports loads up to 16 mA. Optional 8254 chip provides 
three 5-MHz timer/counters. Cost: $ 149; with optional 8254 timer, $195. 

Model 7419 is a 16-channel smart sensor processor, and Model 7405 is a multichannel D/A 150 

output interface for the STDbus. Sensor processor features 16-bit resolution from each of 16 
programmable channels and on-board CMOS microprocessor. It can be connected to any 
combination of thermistors, strain and pressure gauges, etc. Model 7405 produces 12-bit ana¬ 
log voltage and current output, and TTL digital output. 

Based on four TMS320C30 floating-point DSPs, this VME card provides 128 Mflops of peak 151 

processor power, 1 Mbyte of RAM, a DMA controller, a 32-bit barrel shifter, eight 40-bit ac¬ 
cumulators, two 32-bit timers, and interlocked instructions for multiprocessor applications. 

Plugs into a single 9U VME slot. Includes software development tools, application libraries, 
and data acquisition and I/O devices. Cost: from $17,995. 

Four-layer, multi-interface digital audio evaluation board is based on Motorola’s DSP56401 152 

digital audio transceiver. The board includes I/O ports for balanced, unbalanced, and optical 
transmission media; ports to communicate with other Motorola devices; Philips, Burr- 
Brown, and Japanese converter interfaces. Cost: from $495. 
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Board of Governors targets higher surpluses for 1993,1994 budgets 


/. Mark Haas, Bell-Northern Research 

Reporting at the IEEE Computer 
Society Board of Governors’ first 
meeting of 1992, February 28 in San 
Francisco, Treasurer Laurel Kaleda 
said that the society is projecting a net 
loss for the year 1991, even though the 
initial budget included a surplus of 
$750,000. The primary reasons for the 
loss were much-lower-than-expected 
conference surpluses, slower Computer 
Society Press sales, and significant de¬ 
clines in both nonmember and member 
subscriptions to society periodicals. 
Advertising revenues also declined. 

Total membership was down slightly 
in 1991, Kaleda reported. This can be 
attributed largely to the international 
economic climate and the slowdown in 
the computer industry. Cost-cutting 
measures instituted by society leaders 
and staff during the second half of 1991 
reduced the impact of the poor econo¬ 
my and the computer industry slump. 


Work on the 1993 and 1994 budgets has 
started, with board-approved surpluses 
of $1.25 million targeted for both years, 
Kaleda said. Some indicators are posi¬ 
tive. After being negative for most of 
1991, the annual membership change 
turned positive again in February, sug¬ 
gesting a recovery. 

Bylaws amendments. The board 
passed, for the second time, four by¬ 
laws amendments dealing with awards, 
IEEE division delegate-directors, pub¬ 
lications, and technical activities (see 
Computer, December 1991, pp. 82-84). 

President-elect and Constitution and 
Bylaws Committee Chair James H. Ay- 
lor explained that the bylaws amend¬ 
ment relating to the position of IEEE 
delegate-director-elect is intended to 
allow each new delegate-director a year 
of transition by working with the cur¬ 
rent director. In accordance with this 


new bylaw, the board nominated Gerald 
L. Engel and Charles B. Silio to run for 
1994-95 IEEE Division V delegate-di¬ 
rector (1993 delegate-director-elect). In 
addition, the board nominated Barry 
Johnson and Thomas Rhyne to run for 
1993-94 IEEE Division VIII delegate- 
director. 

Technical activities. Vice President 
for Technical Activities Joseph Boykin 
brought a recommendation of the Tech¬ 
nical Activities Board to the Board of 
Governors to disband the following four 
technical committees because of lack of 
activity: Computers in Education, Ocean¬ 
ic Engineering and Technology, Personal 
Computing, and Robotics. The board 
carried out the recommendation. A new 
task force, focusing on multimedia, was 
approved and is being headed by board 
member Tadao Ichikawa of Hiroshima 
University (see related item below). 


New Task Force on Multimedia Computing welcomes participants 


“Multimedia systems have made re¬ 
markable steps and now serve as power¬ 
ful tools for achieving higher order hu¬ 
man-computer collaboration,” says 
Tadao Ichikawa, chair of the newly es¬ 
tablished IEEE Computer Society Task 
Force on Multimedia Computing. How¬ 
ever, the aim of current multimedia 
technology is essentially to present in¬ 
formation contained in the system and 
to assist with specific, previously defined 
manipulations, he explained. 

“When we look at the research ac¬ 
tivity on visual languages and program¬ 
ming, which is now familiar to most 
computer researchers, we see that visual 
languages provide a powerful way to 
represent what we have in mind,” 
Ichikawa said. “At the same time, pro¬ 
gramming is essential for creating some¬ 
thing new in our daily activities. Thus, 
we study ‘visual programming.’ For the 
future, we need to move from multime¬ 


dia presentation studies to the develop¬ 
ment of multimedia computing, to 
support the creative nature of human 
beings.” 

Because the task force is related to 
ongoing activities in several disci¬ 
plines, it crosses existing technical 
committee boundaries. Its emphasis 
will be on developing facilities to sup¬ 
port creative activities in various disci¬ 
plines by means of multimedia sys¬ 
tems. It is not intended that the task 
force remain merely a background or¬ 
ganization for specific conferences, 
Ichikawa pointed out. Its aim is to 
bring all interested researchers togeth¬ 
er to tackle some of the major problem 

Current plans call for 

• publishing a quarterly newsletter; 

• providing an address-updating fa¬ 
cility to support e-mail communi¬ 
cation between individuals; 


• organizing a series of tutorials on 
related topics; 

• sponsoring or initiating workshops 
on topics relevant to visual lan¬ 
guages and computing, multimedia 
information systems, human inter¬ 
faces and virtual reality, multime¬ 
dia and multimodal environments, 
and media integration and systems; 

• establishing a new conference on 
multimedia computing and systems. 

Participation is invited, along with 
comments and suggestions. Contact 
Tadao Ichikawa, Chair, IEEE Comput¬ 
er Society Task Force on Multimedia 
Computing, Faculty of Engineering, 
Hiroshima University, 1-4-1 Kagamiya- 
ma, Higashi-Hiroshima, Japan 724; 
phone 81 (824) 22-7029, fax 81 (824) 
22-7195, e-mail ichikawa@ 
huis.hiroshima-u.ac.jp or ichikawa@ 
compmail.com. 
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Major award winners 
honored at Compcon 

The IEEE Computer Society’s awards 
and historical perspectives session 
Wednesday, February 26, in San Fran¬ 
cisco provided Compcon Spring 92 at¬ 
tendees with an opportunity to meet and 
hear from people who have made major 
contributions to computer technology. 

In addition to four Computer Pioneer 
Awards, the W. Wallace McDowell 
Award, and the Richard E. Merwin 
Award for Distinguished Service — all 
presented by the Computer Society — 
the 1992 IEEE Emanuel R. Piore 
Award was presented by the IEEE. 

Computer Pioneer Awards. Werner 
Buchholz was honored for his contribu¬ 
tions to computer architecture. While at 
the California Institute of Technology, 
Buchholz was involved in the develop¬ 
ment of the Caltech Analog Computer. 
After joining IBM in 1949, he participat¬ 
ed in developing the architecture of the 
IBM 701 Defense Calculator and the 
IBM 702 Electronic Data Processing 
Machine, and later the IBM 7030 
Stretch supercomputer. He was elected 
an IEEE fellow in 1965 and received an 
IEEE Centennial Medal in 1984. Along 
with his many other accomplishments, 
he has been credited with coining the 
word byte. 

Bob O. Evans, whose career spans 
several decades at IBM, was recognized 
for his contributions to compatible com¬ 
puters. He became vice president of de¬ 
velopment in 1962, with worldwide re¬ 
sponsibility for the development and 
introduction of the IBM System/360. 
Later, as vice president for engineering, 
technology, and programming, his job 
was to ensure the effectiveness of IBM’s 
worldwide activities in computers, pro¬ 
gramming, office systems, typewriters, 
copiers, medical electronics, robotics, 
and instrumentation products. Among 
his numerous awards is the National 
Medal of Technology, presented in 1985. 

Robert W. Floyd, honored for contri¬ 
butions to early compilers, developed a 
compiler for Algol 60 embodying sever¬ 
al innovations in parsing and code gen¬ 
eration that influenced subsequent prac¬ 
tice. In the late 1960s, he developed 
axiomatic methods for proving correct¬ 
ness and termination of algorithms, and 
proposed methods for automatic synthe¬ 
sis of computer programs. He invented 
many widely used algorithms that span a 
broad spectrum of computer operations. 
Floyd has held professorships at Carne¬ 
gie Mellon University, Stanford Univer¬ 
sity, and the US Naval Postgraduate 
School. 

Thomas E. Kurtz was recognized for 
his involvement in developing the Basic 
programming language at Dartmouth 



Receiving IEEE Computer 
Society Pioneer Awards during a 
special session at Compcon Spring 
92 were (clockwise from top left) 
Werner Buchholz, Bob O. Evans, 
Robert W. Floyd, and Thomas E. 

Kurtz. Charles Antony Robert 
Hoare (bottom left) received his 
award at the European Conference 
on Design Automation in Brussels. 
The awards recognize outstanding 
individuals whose main contribution 
to the computer field was made at 
least 15 years earlier. 



College. He served as director of the 
Kiewet Computation Center at Dart¬ 
mouth from 1965 to 1975 and as vice 
chair and chair of the college’s program 
in computer and information systems 
from 1979 to 1988. He was president of 
Dartmouth College from 1970 to 1981. 
Kurtz chaired the Basic standard com¬ 
mittee X3J2 from 1974 to 1985 and is 
still active on domestic and international 
Basic standards committees. He coau¬ 
thored a widely used text on Basic pro¬ 
gramming. 

An additional Computer Pioneer 
Award, presented March 17 at the Euro¬ 
pean Conference on Design Automation 
in Brussels, went to Charles Antony 



Robert Hoare. A professor of computa¬ 
tion at the Oxford University Comput¬ 
ing Laboratory, where he will become 
laboratory director later this year, 

Hoare was cited for his contributions to 
the definition of programming languages. 
He has been particularly interested in 
systems whose implementation requires 
or can benefit from concurrency in exe¬ 
cution. He developed a theory known as 
communicating sequential processes, 
which applies to systems in which multi¬ 
ple processes can communicate with each 
other through simple wires. 

W. Wallace McDowell Award. Law¬ 
rence G. Roberts, founder, chairman, 
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Robots to compete at 
AAAI 92 conference 



Lawrence G. Roberts was presented 
with the W. Wallace McDowell Award 
for his innovative work with packet¬ 
switching technology and ARPAnet. 



Martha Sloan, IEEE president-elect, re¬ 
ceived the Richard E. Merwin Award 
for Distinguished Service for outstand¬ 
ing contributions to computing. 


Harold S. Stone was 
the recipient of the 
1992 IEEE Emanuel R. 
Piore Award recogniz¬ 
ing his fundamental 
contributions to paral¬ 
lel computer technolo¬ 
gy and computer sci¬ 
ence education. 



and CEO of NetExpress Inc., received 
the 1990 W. Wallace McDowell Award 
“for architecting packet-switching tech¬ 
nology and bringing it into practical use 
by means of the ARPA network.” He 
was assigned to ARPA in 1966 when he 
worked at MIT’s Lincoln Laboratory. 
Not the least of the challenges his team 
faced was convincing university partici¬ 
pants to share their computer resources, 
perceived by some as a “gross invasion 
of property.” After the ARPAnet plan 
was approved, Roberts coordinated the 
entire effort of building the network and 
making it functional. 


Richard E. Merwin Award. IEEE 
President-elect Martha Sloan was the re¬ 
cipient of the 1990 Richard E. Merwin 
Award for Distinguished Service “in 
recognition of outstanding contributions 
to the computer profession.” 

Sloan, a professor of electrical engi¬ 
neering at Michigan Technological Uni¬ 
versity, has published three books and 
consulted for several state governments. 
An IEEE fellow and a past president of 
the IEEE Computer Society, she re¬ 
ceived a special award for curriculum 
building from the Computer Society in 
1977, and the IEEE presented her with a 
Centennial Medal in 1984. 


Emanuel R. Piore Award. Computer 
Society Vice President for Publications 
Harold S. Stone received the IEEE’s 
1992 Emanuel R. Piore Award “for fun¬ 
damental contributions to parallel com¬ 
puter technology and to computer sci¬ 
ence education.” Many of today’s 
commercial multiprocessors are based 
on perfect-shuffle interconnections, 
work that Stone pioneered while at 
Stanford University. This work on inter¬ 
connections led naturally to Stone’s for¬ 
mulation of the algorithm known as re¬ 
cursive doubling, which is ideally 
matched to the perfect shuffle. 

Stone is now with IBM, where he is 
pursuing research in cache memory sys¬ 
tems and optical interconnections. He is 
an IEEE fellow, the author of eight text¬ 
books, and a recipient of the Charles 
Babbage Outstanding Scientist Award. 

IEEE fellow recognition. Also during 
the Compcon awards ceremony, Wolf¬ 
gang K. Giloi, who helped pioneer ana¬ 
log and hybrid computation, computer 
graphics and image analysis, and parallel 
processing architectures, received his 
IEEE fellow certificate. Giloi’s name 
was inadvertently omitted from the Feb¬ 
ruary issue of Computer (pp. 81-83), 
which listed Computer Society members 
who became IEEE fellows January 1. 


More than 20 teams have signed up 
for the American Association for Artifi¬ 
cial Intelligence’s first AI Robotics 
Competition and Exhibition, to be 
staged with the AAAI 92 National Con¬ 
ference in San Jose, California, July 12- 
16. “Our robot competitors will be 
showing off a wide range of technolo¬ 
gies,” said Tom Dean of Brown Univer¬ 
sity, who chairs the robot competition. 

The entrants include 

• Odysseus, using sonar sensors and a 
TV camera, from Carnegie Mellon Uni¬ 
versity; 

• Dewey, a 12-inch-diameter robot by 
Real World Interface that uses sonar sen¬ 
sors exclusively, from Brown University; 

• Archi, a 3-foot-tall cylindrical robot 
with color camera and other sensors, 
from the University of Chicago; 

• George, featuring reactive schema- 
based robotic navigation, from the 
Georgia Institute of Technology and 
Denning Mobile Robotics; 

• Carmel, a Cybermation K2A mobile 
platform with a ring of 24 sonar sensors, 
from the University of Michigan AI Lab; 

• Flakey, a four-wheeled octagonal ro¬ 
bot weighing 300 pounds, from SRI; 

• Bert and Ernie, midget-size interac¬ 
tive robots, from MIT; 

• Soda-Pup, a nomadic robot by No¬ 
madic Technologies, untethered and 
battery powered, from NASA-JSC; 

• William, a feel-its-way robot, from 
MIT and the Jet Propulsion Lab; 

• Flash, a Denning mobile platform 
that can transform qualitative plans for 
navigation into momentary quantitative 
guidance, from Mitre; 

• Flash Zorton, a walking machine de¬ 
signed to compete in the robotic decath¬ 
lon, from Ecole Polytechnique of Mont¬ 
real; and 

• Spider, an octahedron frame hous¬ 
ing a Stewart-Platform assembly with 
joystick, from the National Institute of 
Standards and Technology Robot Sys¬ 
tems Division. 

Performance requirements include 
avoiding objects and picking up objects. 
The competition involves “house break¬ 
ing,” followed by two stages of spatial 
search and object detection/classification. 

To enter or attend, contact AAAI, 

445 Burgess Dr., Menlo Park, CA 94025; 
phone (415) 328-3123. 
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Project aims for easier access to Japanese information 

Bob Carlson, Staff Editor 


Traditional American corporate re¬ 
search strategy amounts only to spend¬ 
ing money in the hope that a product 
I eventually results, said Michael Sekora, 
head of Technologies Strategic Planning 
Inc. His remarks came in a keynote ad¬ 
dress at a conference in Washington, 
D.C., entitled “Japanese Information: 
How Do You Get It and What Does It 
Mean?” The conference was the inaugu¬ 
ral event for the Japan Information Ac¬ 
cess Project, a nonprofit center dedicat¬ 
ed to meeting the needs of business 
people, scholars, journalists, and policy¬ 
makers for specialized business, scientific, 
and technical information about Japan. 

Sekora described the world market as 
a global chessboard on which discrete 
technologies can be captured, leveraged, 
licensed cheaply, or denied to one’s op¬ 
ponents. American manufacturers must 
now learn to play the game at which 
Japanese and European companies have 
excelled for years, he concluded. 

Information as a resource. The fol¬ 
lowing day, 15 participants invited to 
take part in a symposium on the topic 
“Japanese Information: Access, Use, 
and Needs,” also sponsored by the Ja- 
I pan Information Access Project, added 
their own insights to the conference 
theme. Pointing to “information litera- 

I cy” as a vital component of future US 
competitiveness, participants concluded 
that there is little current information on 
| Japanese science and technology in the 
West and that little use is being made of 
what is available. The American busi¬ 
ness and technical communities in par¬ 
ticular are poorly prepared for a world 

I 1 in which the US no longer routinely 

leads in technical and marketing sophis¬ 
tication, they added. 

The symposium participants had pro¬ 
fessional backgrounds that included the 
Library of Congress, the National Agri¬ 
cultural Library, academic research cen¬ 
ters, corporate R&D programs, and the 
electronic publishing industry. 

Other conclusions reached at the sym¬ 
posium were 

• Japanese resources in science and 
technology are underused because of a 
shortage of librarians with a technical 
background and appropriate language 


• American managers and scientists 
presume that information from Japanese 
sources is of little value. 

• The larger American programs to 
collect Japanese technical information 
suffer from duplication of effort, lack of 
focus, and insufficient funding. 

Breaking the barriers. The problems 
cited at the conference, and later at the 
symposium, are among the issues the Ja¬ 
pan Information Access Project was es¬ 
tablished to deal with. The project pro¬ 
vides guidance on ways to access the 
experts, organizations, and reference 
materials available both in the West and 
in Japan. It does this through publica¬ 
tions, studies, symposia, and by serving 
as a clearinghouse to complement the 
work of research and information cen¬ 
ters already gathering or producing in¬ 
formation on Japan. 

The Japan Information Access Project 
is a membership organization. It is also 
supported by international corporate, 
foundation, and individual donations. 
Corporate sponsors include AT&T, 3M, 
Du Pont, W.R. Grace and Co., Ethyl 
Corp., Chrysler, Thinking Machines, Fu¬ 
sion Imaging Systems, and AMD. 

Prior to establishing the Japan Project 
in October 1991, President Mindy L. 
Kotler managed her own consulting 
firm, Search Associates, which tracked 
the politics and policies of international 
trade and technology for American- 
based corporate clients. 

“Our goal is to give people the tools 
to be competitive,” Kotler said in de¬ 
scribing the purpose of the project. Da¬ 
tabases and publications are a good 
start, she said, but it is also important to 
build a network of professional friend¬ 
ships. “We need to learn how to inte¬ 
grate and cooperate.” 

The Japanese are very good at collect¬ 
ing and disseminating information with¬ 
in their culture, Kotler said. For exam¬ 
ple, many papers are presented in study 
groups and are not widely distributed. 
Informal contacts are often the best way 
to learn about these sources. 

Although the US is making progress 
through database collections and trans¬ 
lations (see Computer, January 1992, p. 
95 and March 1992, pp. 81-82), there is 
Often a time lag of six months to two 
years from publication to widespread 


availability. Furthermore, it can be diffi¬ 
cult to track immediate trends without 
foreign-language skills, particularly in 
Asia, Kotler said. It is important to de¬ 
termine the point at which knowing Jap¬ 
anese makes a difference. 

While the Japan Information Access 
Project is ready to help on subjects rang¬ 
ing from auto parts to pharmaceuticals, 
its initial focus is on computers and elec¬ 
tronics. In the next couple of months, 
Kotler hopes to organize a study group 
that will concentrate on ways to access 
and make better use of Japanese infor¬ 
mation in these fields. She also plans an 
electronic bulletin board that will put 
experts and researchers in immediate 
contact with colleagues and a database 
of Japanese information sources. 

Playing smarter. “We hear a lot of 
rhetoric today about competition and 
education,” Kotler said, “but no one is 
providing the tools. We want to provide 
some of those tools.” 

In Kotler’s view, the US is not lacking 
in common sense or the will to work 
hard. But the country cannot afford to 
engage in “information arrogance.” 

Even where they are successful, the Jap¬ 
anese are not complacent, she says. 

The Japan Information Access Project 
is prepared to match consumers of infor¬ 
mation with the broadest possible range 
of sources. To carry out this mission, it 
seeks to increase membership and se¬ 
cure additional foundation support. 

“We can’t just look inward,” Kotler 
says. The US must sit down at the global 
chessboard and play smarter. “It’s time 
to stop talking and start doing.” 

Where to learn more. Proceedings of 
the daylong conference are available 
from the Japan Information Access 
Project. The papers cover how to find 
and use Japanese patents, financial 
statements, databases, and high-tech in¬ 
formation. A report on the symposium, 
including an evaluation of Washington, 
D.C.-area reference collections on Ja¬ 
pan, will be available soon. 

For information, conference proceed¬ 
ings, or to become a member, contact the 
Japan Information Access Project, 1730 
Massachusetts Ave. NW, Washington, 
DC 20036-1903; phone (202) 833-4545. 
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COMPCON SPRING 92 REPORT 


New applications 

Ware Myers, Contributing Editor 

Where are “those new markets that 
are going to use 10 16 or 10 17 transistors 
per year that we will require to keep 
this thing going?” That is the question 
Intel Chairman Gordon E. Moore 
posed while addressing Compcon 
Spring 92, the 37th IEEE Computer 
Society International Conference held 
in San Francisco February 24-28. 

At this year’s conference, speakers 
outlined user needs that promise to 
absorb Moore’s multitudinous transis¬ 
tors. Multimedia, computer-supported 
collaboration, virtual reality, and 
high-performance computing present 
requirements that easily exceed the 
state of the art that current densities 
support. 

Creve Maples of Sandia National 
Laboratories served as general chair 
of Compcon Spring 92, and John R. 
Barr of Motorola was program chair. 

Multimedia to enhance personal 
productivity. "At this time, multime¬ 
dia systems are primarily useful as 
personal productivity tools,” said 
Steven McGeady of Intel Corpora¬ 
tion, Hillsboro, Oregon, introducing 
the multimedia technology track. 
McGeady included the following tech¬ 
nologies in the term multimedia: 

• two-dimensional color bitmapped 
graphics; 

• three-dimensional smooth-shaded 
computer-generated graphics; 


Digest of Papers 

The Digest of Papers from 
Compcon Spring 92, Order No. 
2655, is available from the IEEE 
Computer Society Press, Los Alam- 
itos, California, by calling (800) CS- 
BOOKS or (714) 821-8380 in Cali¬ 
fornia. 


absorb billions of transistors 


• scanned color still images (stored 
in compressed formats); 

• prerecorded or live color video se¬ 
quences (stored in compressed 
formats); 

• prerecorded or live audio se¬ 
quences synchronized to video 
streams, graphics animations, or 
other cueing points; and 

• pen or other gestural inputs, in¬ 
cluding both pointing and drawing 
styles of interaction. 

Further development of what Ken 
Rhodes of Intel called these “rich data 
types” depends upon higher perfor¬ 
mance, wider availability of features 
to support these types, and further 
standards. To display a motion video 
stream, for example, would take more 
than 9 million bytes per second, he 
calculated. Clearly, performance on 
this order requires faster processors, 
special-purpose compression-decom¬ 
pression chips, and greater communi¬ 
cation bandwidths. 

To use these rich data types, per¬ 
sonal computers will have to incorpo¬ 
rate features that support them. For 
example, each computer would need 
features that produce audio output, 
decompress digital video, and display 
graphics. Each of these features 
would, in turn, require standards to 
make them compatible. 

“Standards to define programming 
interfaces, data interfaces, and hard¬ 
ware interfaces . .. are available or 
under development by a number of 
organizations,” Rhodes reported, in¬ 
cluding Microsoft, the Interactive 
Multimedia Association (IMA), the 
Joint Photographies Expert Group 
(JPEG), the Moving Pictures Expert 
Group (MPEG), and the Consultative 
Committee on International Tele¬ 
phony and Telegraphy (CCITT). 

Next target: group productivity. In 

the past decade, personal computers 
have dramatically increased the pro¬ 
ductivity of the individual user, Ken¬ 
neth B. Fine pointed out at the open¬ 
ing plenary address. Fine is vice 



Multimedia workstations will enable 
computer-supported collaboration, ac¬ 
cording to Kenneth B. Fine, vice pres¬ 
ident and general manager, Multime¬ 
dia and Supercomputing Components 
Group, Intel Corporation. Computer- 
supported collaboration will change 
the world because it will change the 
way businesses operate. Supplying 
these needs will provide much of the 
market as the next century arrives. 


president of the Multimedia and Su¬ 
percomputing Components Group at 
Intel Corp. He attributed these gains 
to three primary developments: 

• The typewriter has been replaced 
by word processing; 

•The calculator has been replaced 
by the spreadsheet; and 

• The file cabinet has been replaced 
by electronic storage and retrieval. 

This growth in the use of personal 
computers has supported a high 
growth rate in computer components. 
Now, however, while the rate of 
growth in the 1990s is expected to be 
healthy, it will be less than that of the 
1980s. 
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Creve Maples, Sandia National Labs, 
was Coinpcon Spring 92 general chair. 



John R. Barr of Motorola served as 
program chair for the conference. 


“Unless something fundamentally 
changes in the way groups of indi¬ 
viduals operate, we will not go back 
to these historic growth levels,” 

Fine declared. “The challenge is to 
dramatically affect the way busi¬ 
nesses work.” That challenge lies in 
improving individual and interper¬ 
sonal communications. “The com¬ 
puter can play an essential role 
here,” Fine said. 

Fine believes people want to 
communicate with each other faster 
and more efficiently. Fie cited the 
growth in electronic mail installa¬ 
tions in the US from 1984 to 1990: 
225 percent compounded annually. 
Other indications of the desire to 
communicate include the growth of 
fax, cellular telephones, video con- 


Are we ready for parallel processing? 


The debate on the coming of mas¬ 
sively parallel processing continued at 
Compcon Spring 92. Steve Wallach, 
senior vice president of technology, 
Convex Computers, trying to under¬ 
stand the issue, took the eminently 
practical approach of going out and 
speaking to the customers. “I came to 
the conclusion that while everybody is 
saying that they want to do massively 
parallel processing, very few people 
really understand what it is and are 
ready for it,” he reported. He then used 
most of his plenary address to outline 
his findings. 

For one thing, “We still pay for the 
sins of our grandfathers and grand¬ 
mothers,” he noted. “We want to use 
more technology, but we still want to 
use the codes of 10 or 15 years ago.” 

One example of this sin is govern¬ 
ment procurement practices. “They will 
give you 10 decks of Fortran source 
code and say run it unmodified on 
such and such a benchmark,” he said, 
“even though 10 minutes of modifica¬ 
tion may make it run twice as fast.” 

For another thing, more data is com¬ 
ing on line. “I am not talking about one 
or two terabytes, but 50 terabytes,” he 
observed. “Are we ready for it?” 

“No,” he said, and the reason is that 
“we have no idea how to manage it, 
how to name it.” Major oil companies 
have data on this scale, but they have 
no way to catalog it. “The good news 
is, I can put everything on line,” he 
summarized. “The bad news is, I have 
no way to address it.” 

Still another thing or two: “When we 
get into massively parallel software, a 
lot of the problem is scale up," he said. 


Moreover, “we have to rewrite codes. 

We also have to worry about portability. 
We’ll need secure operating systems. 
And finally, Amdahl's law still applies.” 

Wallach may be accurately represent¬ 
ing the views of typical customers, and 
certainly he was outlining important 
problems still facing high-performance 
computing. At the same time, other 
speakers had somewhat different views. 
For example, Rick Stevens, Argonne 
National Laboratory, on the basis of the 
laboratory’s experience with Intel’s 
Touchstone Delta System, physically lo¬ 
cated at the California Institute of Tech¬ 
nology, asserted: 

“In many ways the existence of Delta 
is tangible proof that a large-scale gen¬ 
eral-purpose parallel system is able to 
compete head on with traditional vector 
supercomputing.” Stevens then support¬ 
ed his views by reviewing the laborato¬ 
ry’s experience on half a dozen scientific 
applications being run on the Delta. 

Sandia National Laboratories has both 
SIMD (single instruction, multiple data) 
and MIMD (multiple instruction, multiple 
data) massively parallel systems. “We 
find that many problems are well suited 
to both architectures,” Steve Plimpton, 
Sudip Dosanjh, and Randy Krall report¬ 
ed. “However, when the natural parallel¬ 
ism in a simulation requires a loose syn¬ 
chronization between processors, the 
MIMD paradigm offers a greater pro¬ 
gramming flexibility than SIMD.” They 
gave some detailed results on several 
types of problems. 

Similarly, Geoffrey C. Fox of the 
Northeast Parallel Architecture Center, 
Syracuse University, who has been in¬ 
volved in parallel programming since his 



Some people are ready for mas¬ 
sively parallel processing, Steve 
Wallach, senior vice president for 
technology. Convex Computers, 
found in talking to customers and 
others. By and large, people are 
not ready. “That’s kind of scary, 
because a lot of people are invest¬ 
ing a lot of money in it.” 


hypercube days at Caltech a decade 
ago, drew a lesson from both his own 
experience and the widespread inter¬ 
national research on message-passing 
parallel computers (now on the order 
of 1,000 papers): 

‘The message-passing computation¬ 
al model is very powerful and allows 
one to express essentially all large- 
scale computations and execute them 
efficiently on distributed memory SIMD 
and MIMD parallel machines. Less for¬ 
mally, one can say that parallel com¬ 
puting works.” 


96 


COMPUTER 














“With virtual reality you can create 
anything you can imagine — a repre¬ 
sentation of the world, of an abstract 
data space, or a combination of the 
two,” said Tom Furness of the Uni¬ 
versity of Washington. “We can en¬ 
hance our ability to operate things, 
create things, learn things, and com¬ 
municate televirtually over vast dis¬ 
tances. We have come a long way to¬ 
ward enhancing the bandwidth to the 
brain.” 


ferencing, and AT&T’s Picture 
Phone. 

“People want to be able to share in¬ 
formation, view it, change it, and try 
out new situations,” Fine said. “On 
top of that, they want the ability to 
look at each other, talk to each other, 
and rapidly decide on a course of ac¬ 
tion. This is what computer-supported 
collaboration is all about. It is what 
will change the nature of worldwide 
business.” 

To bring computer-supported col¬ 
laboration to reality will take further 
development of several enabling tech¬ 
nologies, Fine continued. Additional 
processing power will be needed to do 
a good job with compression algo¬ 
rithms. The architecture of the system 
itself will need some changing. Higher 
bandwidth will be needed. Operating 
systems will need extensions. Connec¬ 
tivity will have to be improved. Physi¬ 
cal storage units will have to evolve 
further. In fact, “the technical chal¬ 
lenges we face in bringing computer- 
supported collaboration to reality cov¬ 



Boris Babaian, head of the Institute of 
Precision Mechanics and Computing 
Equipment in Moscow, lifted the se¬ 
crecy from supercomputing in the 
former Soviet Union. He showed pic¬ 
ture after picture of computers from 
the mid-1950s to last year. Noteworthy 
was the enormous physical size of the 
Soviet supercomputers, resulting, ac¬ 
cording to Babaian, from the relatively 
large size of the components available 
to his engineers. However, the Russian 
group has much to offer, as Sun Micro¬ 
systems indicated the next day, an¬ 
nouncing a contract to employ 50 
members of Babaian’s group, who 
would continue to work in Moscow. 


er virtually every aspect of computer 
science,” he concluded. 

More information on technical de¬ 
velopments needed to implement mul¬ 
timedia and computer-supported col¬ 
laboration is contained in more than 
20 papers of the conference’s Digest 
of Papers. 

In the wings: virtual reality. “Virtu¬ 
al environments [entail] the integra¬ 
tion of computer graphics and various 
input and display technologies to cre¬ 
ate the illusion of immersion in a com¬ 
puter-generated reality,” noted Steve 
Bryson of the Computer Sciences 
Corporation/Applied Research Of¬ 
fice, Numerical Aerodynamics Simu¬ 
lation Division, NASA Ames Re¬ 
search Center. “A user feels that she 
is interacting with a world containing 
real, three-dimensional objects in 
three-dimensional space that respond 
interactively with each other and to 
the user.” 

Bryson feels that to create the illu¬ 
sion of immersion-in a convincing 



Multimedia is going to take off in the 
1990s, predicted Eric Harslem, vice 
president of desktop computing, Ap¬ 
ple Computer. During his plenary ad¬ 
dress, he demonstrated an interactive 
multimedia magazine, produced in 
April 1991, in collaboration with CNN 
(Cable News Network). The user will 
be able to explore any subject in more 
depth — more words, more pictures, 
or motion video — at the touch of a 
button. 


world, it is not necessary to draw 
graphics that “look real.” The key 
idea is “a different world that one in¬ 
teracts with as if it were real.” While 
this virtual world may not look entire¬ 
ly real, it must react to the user rapid¬ 
ly enough to seem real. That takes 
considerable hardware and software 
power. 

The ultimate extension of the multi- 
media concept may well be virtual re¬ 
ality. In Tom Furness’ phrase, “We 
have to break the glass and go inside.” 
Now director of the Human Interface 
Technology Laboratory at the Univer¬ 
sity of Washington, Seattle, Furness 
devoted 23 years to the design of 
fighter cockpits for the US Air Force. 

In his plenary talk, Furness cited a 
typical fighter aircraft cockpit with 
300 switches and 75 displays. “How 
does a crew member handle all this?” 
he asked. “The answer is, he doesn’t.” 

The gap between the information 
available and what the crew could ab¬ 
sorb and act upon led to the Air Force 
interest in cockpit design. Gradually, 
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after a quarter century of effort and 
$150 million in funding, the concept 
of virtual reality evolved. Funda¬ 
mentally, it is a way of matching the 
perceptual capabilities of the human 
being more effectively to the great 
mass of information that now char¬ 
acterizes much of our activities. 

“There is an old Chinese prov¬ 
erb,” Furness recalled, “that says ‘If 
you hear it, you will forget it; if you 
see it, you might remember it; but if 
you do it, you will understand it.’ 
Once you have been inside a virtual 
world, it’s like going to a place. It is 
not like you look at a picture or text 
in a book or diagrams in a mathe¬ 
matics text. It’s something you will 
never forget.” 

Furness’ laboratory is now trying 
to extend virtual reality to activities 
that help people. He told of fitting a 
quadriplegic with a virtual reality 
that the young man could navigate 
through by eye movement alone. 
With this virtual body, the quadri¬ 
plegic achieved a degree of mobility 
that he couldn’t have with his physi¬ 
cal body- 

Another example is a virtual 
CAD system. Multiple participants 
came together in a virtual space. 

The participants brought their virtu¬ 
al parts with them and fitted them 
together. 

“One of the most exciting applica¬ 
tions has been in education,” Fur¬ 
ness went on. “We built a virtual 
forest to teach children ecology. We 
have trees, fish, earthworms, squir¬ 
rels, birds, bubbles in the stream. 

All of these are inhabited by the 
children t— for example, one kid is a 
tree, another is a squirrel, and an¬ 
other is a bird. The whole idea is to 
give the kids — in an experiential 
way — [a sampling of] what it feels 
like to be in an ecosystem. If you 
have been a virtual tree and have 
been chopped down, you have sym¬ 
pathy and appreciation for a tree.” 

Learning systems based on virtual 
reality promise to be very effective. 
The problem is to make the systems 
practical and affordable, Furness 
said. A number of technical issues 
remain. 

For example, the limiting visual 
acuity of the eye is one to three min¬ 
utes of arc. “If you spread that num¬ 
ber across 100 degrees, you need 
6,000 picture elements spread across 
the field of view. You ultimately will 
need 6,000 by 4,000 picture elements 
to make virtual reality look seam¬ 
less.” 

“Not only that, your head rotates 



at the highest rate at 100 degrees per 
second,” he added. ‘‘Even if you sam¬ 
ple your head position 100 times per 
second, you move one degree by the 
time each sample is taken. That means 
a picture that jitters.” 

These resolution limits are exam¬ 
ples of the technical problems virtual 
reality presents. “We need much high¬ 
er capacity tracking systems,” Furness 
said. “We are getting them now.” 

Parallel rendering is providing the 
capability of producing about 2 mil¬ 
lion polygons per second using the 
standard approach of a computer 
graphics workstation. Unfortunately, 
“if we wanted to create this [hotel au¬ 
ditorium], it would take 80 million 
polygons. If we wanted to make this 
virtual reality seamless, we would 
have to update those 80 million poly¬ 
gons 20 or 30 times a second. That is 
the kind of package we need to get to 
make this thing work.” 

Furness believes virtual reality has 
to take some fresh approaches. “We 
are never going to get there using 
real-image displays or infinity-colli¬ 
mated systems the way we have now,” 
he asserted. “As long as we have to 
have a real image somewhere in the 
optical train and as long as we are 
looking at it through some kind of op¬ 
tical system, the form factor will be 
big. We have to get the weight and 
cost down.” 

His group in Seattle has been work¬ 
ing on what he calls a virtual-retina 
display. It does not create an image 
plane anywhere in the optical train ex¬ 
cept on the retina. “Basically the reti¬ 
na is a projection screen,” he ex¬ 
plained. He turned on the experimen¬ 
tal system for the first time last Janu¬ 
ary and it worked. Ultimately, the de¬ 
vice would be about 1/2 inch by 1 inch 
and weigh less than an ounce. 

Coming in the year 2000. High-per¬ 
formance computing, too, is going to 
absorb enormous numbers of transis¬ 
tors during this decade. Steve 
Wallach, senior vice president of tech¬ 
nology, Convex Computers, forecasts 

• teraflops of computer power; 

• terabytes of physical storage; 

• general-purpose operation plus 
massively parallel capability; 

• a new operating system based on 
Unix; 

• variants of Fortran and C; 

• multimedia workstations; 

• visual output at the HDTV resolu¬ 
tion level; and 

• motion pictures, sound, and “ev¬ 
erything else.” 


Workshop on Neural Networks — 
Techniques and Applications: Sept. 
7-8,1992, Liverpool, England. Cosponsors: 
IEEE United Kingdom-Republic of Ire¬ 
land Computer Chapter et al. Submit three 
copies of 500-word abstract by May 22, 
1992, to P.J.G. Lisboa, Dept. EE&E, Univ. 
of Liverpool, Liverpool L69 3BX, England, 
UK, fax 44 (51) 794-3715, e-mail m.j. 
taylor@compsci.liverpool.ac.uk. 

NIPS 92, Sixth Conf. and Workshops on 
Neural Information Processing Systems: 

Nov. 30-Dec. 5, Denver (conference) and 
Vail, Colo, (workshops). For the confer¬ 
ence, submit six copies of a 1,000-word 
summary and one-page abstract (50-100 
words) by May 22, 1992, and camera-ready 
version by Jan. 13,1993, to Jack Cowan, 
Univ. of Chicago, Math Dept., 5734 S. Uni¬ 
versity Ave., Chicago, IL 60637; and for 
the workshops, submit a two-page proposal 
summary by May 22,1992, to Gerald Te- 
sauro, IBM TJ Watson Research Center, 
PO Box 704, Yorktown Heights, NY 
10598, e-mail tesauro@watson.ibm.com. 


Third Eurographics Workshop on Object- 
Oriented Graphics: Oct. 28-30,1992, 
Champery, Switzerland. Sponsor: Euro¬ 
graphics, Univ. of Geneva. Submit four 
copies of paper by May 31,1992, and re¬ 
vised paper by Jan. 15,1993, to Vicki de 
Mey or Xavier Pintado, Centre Universita- 
ire d’lnformatique, Univ. of Geneva, 12 
rue du Lac, 1207 Geneva, Switzerland, 
phone 41 (22) 787-6586, fax 41 (22) 735- 
3905, e-mail eoog@cui.unige.ch. 


ICBGM 93,1993 Int’l Conf. on Bond 
Graph Modeling and Simulation: Jan. 17- 
20,1993, San Diego, Calif. Sponsor: Soc. 
for Computer Simulation. Submit two cop¬ 
ies of abstract by May 31,1992, short paper 
(about six pages) or long paper (about 12 
pages) by July 31, 1992, and camera-ready 
version by Sept. 30,1992, to Jose J. Gran- 
da, Mechanical Eng. Dept., California 
State Univ. at Sacramento, Sacramento, 

CA 95819, phone (916) 278-5711, fax (916) 
278-5949, e-mail grandajj@ecs.csus.edu; or 
Francois E. Cellier, Electrical and Com¬ 
puter Eng. Dept., Univ. of Arizona, Tuc¬ 
son, AZ 85721, phone (602) 621-2692, fax 
(602) 621-8076, e-mail cellier@ece. 


First Int’l Conf. on Information and 
Knowledge Management: Nov. 8-11, 
1992, Baltimore. Sponsor: Int’l Soc. of 
Mini- and Microcomputers. Submit five 
copies of paper by May 31,1992, and cam¬ 
era-ready paper by Aug. 10,1992, to Yele¬ 
na Yesha, Computer Science Dept., Univ. 
of Maryland, 5401 Wilkens Ave., Balti¬ 
more, MD 21228-5398, phone (410) 455- 
.3000, fax (410) 455-3969, e-mail cikm@cs. 
umbc.edu. 
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CALL FOR PAPERS 


Call for articles and referees for IEEE Computer Society magazines 


p The following IEEE magazines seek articles for inclusion in future issues: 


IEEE Computer Graphics & Applications , which serves 
users and designers of graphics hardware, software, and 
systems, seeks submittals on various subjects. The maga¬ 
zine invites papers presenting theories and/or related practic¬ 
es, along with those reporting applications or discussing al¬ 
gorithms. The editors also welcome tutorials, surveys, and 
special topics. Sample subjects include scientific visualiza¬ 
tion, display technology, high-performance graphics engines, 
CAD/CAM/CAE, computer imaging, geometric modeling, 
business graphics, human factors, distributed graphics tech¬ 
niques and systems, standards, rendering algorithms, and 
computer animation and simulation. To submit papers, write 
to the editor-in-chief, Peter R. Wilson, Design Research Cen¬ 
ter, Cll 7015, Rensselaer Polytechnic Inst., Troy, NY 12108. 
To obtain copies of the guidelines for authors, call Karen 
Potes in the Publications Office at (714) 821-8380. 

IEEE Design & Test of Computers seeks general-interest 
papers (20 double-spaced pages, including figures) for its 
1993 issues. Suggested topics include reviews of tools, de¬ 
sign experiences, and design methodologies; use of CAE/ 
CAD tools in the design process; test strategies and econom¬ 
ics; DFT vs. cost; D/A test; system-level trade-offs; rapid pro¬ 
totyping; packaging; manufacturing databases; and special- 
purpose tools. Submit a 300-word abstract, keywords, and 
your mail/e-mail addresses, along with six copies of the pa¬ 
per to Manuel d’Abreu, GE R&D, 1 River Rd., PO Box 8, KW- 
C308, Schenectady, NY 12301, phone (518) 387-7097, fax 
(518) 387-5299, dabreu@crd.ge.com. 

IEEE Expert invites articles on all aspects of intelligent 
systems, including expert systems, embedded intelligence, 
robotics, neural networks, fuzzy systems, natural language, 
automated manufacturing, learning, and related social, man¬ 
agement, and legal issues. The bimonthly magazine focuses 
on current practices and experiences in intelligent systems 
and promising new ideas that are ready for application to 
real-world problems. All manuscripts must be original; articles 
published in other magazines or journals will not be consid¬ 
ered. Send six double-spaced copies and a cover letter to B. 
Chandrasekran, Editor-in-Chief, IEEE Expert, c/o Ohio State 
Univ., Computer and Information Science Dept., Rm. 217, 
Bolz Hall, 2036 Neil Ave., Columbus, OH 43210-1277. 


IEEE Computer Graphics & Applications plans a special 
issue on applications of advanced graphics in environmental 
decision-support systems, environmental modeling, natural 
resource mapping and monitoring, and geographic informa¬ 
tion systems. Submit article (approximately 5,000 words) by 
June 1,1992, to Philip K. Robertson and David J. Abel, 
CSIRO Div. of Information Tech., Center for Spatial Informa¬ 
tion Systems, GPO Box 664, Canberra, ACT 2601, Australia. 

IEEE Software seeks articles for a special issue during the 
fourth quarter of 1992 on object-oriented software develop¬ 
ment. Articles addressing the practical aspects of the concep¬ 
tual, cultural, and technological transition to this new software 
development paradigm, such as studies and experience re¬ 
ports, are particularly welcome. Submit seven copies of arti¬ 
cle by June 1,1992, to Wojtek Kozaczynski, Center for Stra¬ 
tegic Tech. Research, Andersen Consulting, 100 S. Wacker 
Dr., Chicago, IL 60606, fax (312) 507-3526, e-mail 
wojtek@andersen.com; or Annie Kuntzmann-Combelles, 
Corelis Technologie, 31, av. du General Leclerc, F-92340 
Bourg-la-Reine, France, fax 33 (1) 4664-7739. For author 
guidelines, contact Angela Burgess, phone (714) 821-8380 or 
e-mail a.burgess@compmail.com. 

IEEE Micro invites authors to submit original papers for its 
February 1993 special issue on automotive/traffic microelec¬ 
tronics, its April 1993 joint issue with Computer on multichip 
modules (Micro will cover packaging and interconnections), 
and general-interest issues in 1992 and 1993. Submit six 
copies of the paper to Dante Del Corso, Dipartimento di 
Elettronica, Politecnico di Torino, C. so Duca degli Abruzzi, 
24, 10129 Torino, Italy, e-mail delcorso@polito.it. The dead¬ 
lines are June 1,1992, for the February issue, and Aug. 1, 
1992, for the April issue. General-interest papers are wel¬ 
come at any time. For author guidelines, dial (714) 821-8380. 

IEEE Computer Graphics & Applications plans a special 
issue in March 1993 on amazing desktop applications. Sub¬ 
mit five copies of article by June 15, 1992, to Jack Grimes, 
Apple Computer, 20525 Mariani Ave., Cupertino, CA 95014, 
phone (408) 862-6264, e-mail jgrimes@cup.portal.com; or 
Mike Potel, Apple Computer, 20525 Mariani Ave., Cupertino, 
CA 95014, phone (408) 974-6253, e-mail potel@apple.com. 


12th Int’l Conf. of the Chilean Computer 
Science Soc.: Oct. 14-16,1992, Santiago, 
Chile. Submit five copies of paper by May 
31,1992, to Sergio T. Mujica, Depto. de 
Ingenieria Informatica, Univ. de Santiago 
de Chile, Casilla 10233, Santiago, Chile, 
phone 56 (2) 776-3511, fax 56 (2) 681-1422, 
e-mail mujica@pucing.bitnet. 


IEEE Trans, on Knowledge and 
Data Eng. plans a special issue on 
multimedia information systems. Submit 
eight copies of manuscript by June 1,1992, 
and final revised version by Nov. 15,1992, 


to Rajiv Mehrotra, Center for Robotics 
and Manufacturing Systems, Univ. of Ken¬ 
tucky, Lexington, KY 40506, phone (606) 
257-6262, ext. 215, e-mail rajiv@s.ms. 
uky.edu. 


® IEEE Int’l Symp. on Requirements 
Eng.: Jan. 4-6,1993, San Diego, 

Calif. Submit five copies of paper by June 
1,1992, and camera-ready version by Sept. 
15,1992, to Anthony Finkelstein, Imperial 
College, Computing Dept., 180 Queens 
Gate, London SW7 2BZ, UK, phone 44 
(71) 589-5111, e-mail acwf@doc.ic.ac.uk. 


i£S^I VLSI Design 93, Sixth Int’l Conf. on 
VLSI Design: Jan. 3-6,1993, Bom¬ 
bay, India. Sponsor: VLSI Soc. of India. 
Submit eight copies of full paper by June 1, 
1992, and camera-ready manuscript by 
Sept. 15,1992, to Srimat Chakradhar, NEC 
Research Inst., 4 Independence Way, 
Princeton, NJ 08540, fax (609) 951-2499, 
e-mail chak@research.nj.nec.com or 
chak@research.nec.com; or Sunil Sherlek- 
ar, Computer Science and Eng. Dept., In¬ 
dian Inst, of Tech., Powai, Bombay 400076, 
India, fax 91 (22) 578-3480, e-mail sds@ 
dhruv.ernet.in or sds@cse.iitb.ernet.in. 
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WACV, IEEE Workshop on Appli- 
\*y cations of Computer Vision: Nov. 30- 
Dec. 2,1992, Palm Springs, Calif. Submit 
four copies of paper (30 double-space pag¬ 
es maximum) by June 1,1992, and final pa¬ 
per by Sept. 1,1992, to Martin Herman, 
Sensory Intelligence Group, Nat’l Inst, of 
Standards and Tech., Bldg. 220, Rm B124, 
Gaithersburg, MC 20899. 

26th Asilomar Conf. on Signals, Sys- 

terns, and Computers: Oct. 26-28, 
1992, Pacific Grove, Calif. Cosponsors: Na¬ 
val Postgraduate School et al. Submit 50- 
to 100-word abstract and an extended sum¬ 
mary by June 1,1992, to James A. Ritcey, 
Electrical Eng. Dept., FT-10, Univ. of 
Washington, Seattle, WA 98195, phone 
(206) 543-4702, fax (206) 543-3842, e-mail 
ritcey@ee.washington.edu. 


J. of Parallel and Distributed Computing 

plans a special issue on parallel and distrib¬ 
uted simulation. Publisher: Academic 
Press. Submit five copies of full paper by 
June 1,1992, to Jason Yi-Bing Lin, Bell¬ 
core, 445 South St., 2D-297, Morristown, 

NJ 07962-1910, phone (201) 829-5095, fax 
(201) 829-5884, e-mail liny@thumper. 
bellcore.com. 

Int’l Workshop on Feature Interactions in 
Telecommunications Software Systems: 

Dec. 3-4,1992, St. Petersburg, Fla. Submit 
five copies of full paper or interest by June 

1.1992, and camera-ready version by Sept. 

15.1992, to Nancy D. Griffeth, Bellcore, 
MRE 2L-237, 445 South St., Morristown, 

NJ 07962-1910, phone (201) 829-4538, fax 
(201) 829-5889, e-mail nancy@thumper. 
bellcore.com. 


5906, phone (602) 965-2567, fax (602) 965- 
8692, e-mail atcqu@asuacad.bitnet. 

1992 Complex Systems Eng. Synthesis and 
Assessment Tech. Workshop: July 20-24, 
1992, Silver Spring, Md. Cosponsors: Naval 
Surface Warfare Center Dahlgren Div., 
Office of Naval Tech. Submit final paper 
by June 15,1992, to Steve Howell, NSWC- 
WODET, Code U33,10901 New Hamp¬ 
shire Ave., Silver Spring, MD 20903-5000, 
phone (301) 394-3987, fax (301) 394-1175, 
e-mail showell@nswc-wo.navy.mil. 

134th Soc. of Motion Picture and Televi¬ 
sion Engineers Technical Conf.: Nov. 10- 
13, 1992, Toronto. Submit 500-word synop¬ 
sis by June 15,1992. to Marilyn Waldman, 
SMPTE, 595 W. Hartsdale Ave., White 
Plains, NY 10607, phone (914) 761-1100. 


IEEE Int’l Conf. on Wafer-Scale In- 
' 5*7 tegration: Jan. 20-23,1993, San Fran¬ 
cisco. Submit six copies of summary (3 to 4 
pages, plus figures) on monolithic and hy¬ 
brid WSI by June 1,1992, and final manu¬ 
script by Oct. 1,1992, to Peter W. Wyatt, 
phone (617) 981-7232, fax (617) 862-9057 
(for the Americas); R. Mike Lea, phone 44 
(0) 895-203221, fax 44 (0) 895-258728 (for 
Europe); or Susumu Horiguchi, phone 81 
(22) 222-1800, fax 81 (22) 263-9418 (for 


ISIT 93,1993 IEEE Int’l Symp. on Infor¬ 
mation Theory: Jan. 17-22, 1993, San An¬ 
tonio, Texas. Sponsor: IEEE Information 
Theory Soc. Submit three copies of long 
paper (complete paper and 180-word ab¬ 
stract) by June 1,1992, and short paper 
(500-word summary and 180-word ab¬ 
stract) by July 1,1992, to Richard E. 
Blahut, Mail Drop 0600, IBM, Route 17C, 
Owego, NY 13827, phone (607) 751-2217. 

Advanced Study Inst, on Real-Time Com¬ 
puting: Oct. 5-18,1992, Sint Maarten/St. 
Martin, Dutch/French Antilles. Sponsors: 
NATO et al. Submit manuscript by June 1, 
1992, to Alexander D. Stoyenko, Comput¬ 
er and Information Science Dept., New 
Jersey Inst, of Tech., University Heights, 
Newark, NJ 07102, phone 596-5765, fax 
(201) 596-5777, e-mail alex@vienna.njit. 
edu. 

ASM 92, Third Int’l Conf. on Applications 
of Software Measurement: Nov. 16-19, 
1992, San Diego, Calif. Sponsors: Data 
Processing Management Assoc, et al. Sub¬ 
mit one- to three-page proposal by June 1, 
1992, to David Gelperin, Software Quality 
Eng., 2738 Winnetka Ave. N, New Hope, 
MN 55427, fax (612) 591-1534. 

Compugraphics 92, Second Int’l Conf. on 
Computational Graphics and Visualization 
Techniques: Dec. 14-18,1992, Lisbon, Por¬ 
tugal. Sponsors: ACM et al. Submit five 
copies of extended abstract by June 1, 

1992, to Harold P. Santo, Civil Eng. Dept., 
IST-Advanced Technical Inst., Technical 
Univ. of Lisbon, Av. Rovisco Pais, 1096 
Lisboa Codex, Portugal, phone 351 (1) 
847-3421, fax 351 (1) 89-7650. 


DX 92, Third Int'l Workshop on Principles 
of Diagnosis: Oct. 11-14,1992, Seattle. 
Submit three hard copies of paper (5,000- 
word maximum length) by June 2,1992, to 
Ethan Scarl, MS 7L-64, Boeing Computer 
Services, PO Box 24346, Seattle, WA 
98124-0346 (not for courier delivery), 
phone (206) 865-3255, fax (206) 865-2964, 
e-mail ethan@atc.boeing.com; or Ethan 
Scarl, MS 7L-64, Boeing Computer Servic¬ 
es, 2760 160th Ave. SE, Bldg. 33-07, Belle¬ 
vue, WA 98008 (not for US mail delivery). 

PDIS, Second Int’l Conf. on Parallel 

and Distributed Information Sys¬ 
tems: Jan. 20-23,1993, San Diego, Calif. 
Cosponsor: ACM. Submit six copies of pa¬ 
per (8,000 words or 25 double-spaced pag¬ 
es maximum) by June 15,1992, and cam¬ 
era-ready copy by Oct. 12,1992, to 
Michael Carey, Computer Sciences Dept., 
Univ. of Wisconsin, 1210 W. Dayton St., 
Madison, WI 53706; or Patrick Valduriez, 
INRIA, Rocquencourt, 78153 Le Chesnay 
Cedex, France. 

Ninth Israeli Conf. on Artificial Intelli¬ 
gence and Computer Vision: Dec. 28-29, 
1992, Tel Aviv. Sponsor: Israeli Informa¬ 
tion Processing Assoc. Submit four copies 
of full paper by June 15,1992, to Shimon 
Edelman, Applied Math and Computer 
Science Dept., Weizmann Inst, of Science, 
Rehovot 76100, Israel, phone 972 (8) 344- 
122, fax 972 (8) 342-856, e-mail edelman@ 
wisdom.weizmann.ac.il (vision papers); or 
Ehud Gudes, Computer Science Dept., 

Ben Gurion Univ., Beer Sheva 84105, Isra¬ 
el, phone 972 (57) 461-626, e-mail ehud@ 
bengus.bitnet (Al papers). 

1993 Object-Oriented Simulation Conf.: 

Jan. 17-20,1992, La Jolla, Calif. Sponsor: 
Soc. for Computer Simulation. Submit ab¬ 
stract by June 15,1992, five copies of full 
paper by Aug. 1,1992, and camera-ready 
version by Sept. 30,1992, to Terrence G. 
Beaumariage, Industrial and Management 
Systems Eng. Dept., Arizona State Univ., 
Tempe, AZ 85287-5906, phone (602) 965- 
3193, fax (602) 965-8692, e-mail attgb@ 
asuacad.bitnet; or Chell Roberts, Industri¬ 
al and Management Systems Eng. Dept., 
Arizona State Univ., Tempe, AZ 85287- 


Micro 25, 25th Int’l Symp. on Micro- 
architecture: Dec. 1-4,1992, Port¬ 
land, Ore. Cosponsors: IEEE Computer 
Soc. Technical Committee on Micropro¬ 
gramming and Microarchitecture, ACM. 
Submit five copies of manuscript (5,000- 
word maximum) by June 16,1992, and 
camera-ready version by Sept. 22,1992, to 
Wen-mei W. Hwu, Electrical and Comput¬ 
er Eng. Dept., Univ. of Illinois, 1101 W. 
Springfield Ave., Urbana, IL 61801, phone 
(217) 244-8270, fax (217) 244-5686, e-mail 
hwu@crhc.uiuc.edu. 


IJCNN 92, Int’l Joint Conf. on Neural Net¬ 
works: Nov. 3-6, 1992, Beijing, China. Co¬ 
sponsors: IEEE Neural Networks Council 
et al. Submit six-page final paper by June 
30,1992, to Harold Szu, 9402 Wildoak Dr„ 
Bethesda, MD 20814, phone (301) 394- 
3097, fax (301) 394-3923, e-mail btelfe@ 
ulysses.nswc.navy.mil. 


1^, ICDE 93, Ninth Int’l Conf. on Data 
'5*7 Eng.: Apr. 19-23, 1993, Vienna. Sub¬ 
mit five copies of complete paper (approxi¬ 
mately 5,000-word) by July 1,1992, and 
camera-ready copy by Jan. 1,1993, to 
Erich J. Neuhold, GMD-IPSI, Dolivos- 
trasse 15, D-6100 Darmstadt, Germany, 
phone 49 (6151) 869-803, fax 49 (6151) 
869-818, e-mail icde@darmstadt.gmd.de. 

|£j^! ISADS 93,1993 Int’l Symp. on Au- 
tonomous Decentralized Systems: 

Mar. 30-Apr. 1,1993, Kawasaki, Japan. 
Cosponsors: Information Processing Soc. 
of Japan et al. Submit eight copies of full 
paper by July 1,1992, and final version by 
Dec. 29,1992, to Domenico Ferrari, Elec¬ 
trical Eng. and Computer Sciences Dept., 
Univ. of California, Berkeley, CA 94720. 
For program information, fax to (510) 642- 
5775, e-mail isads@tenet.berkeley.edu. 

® IEEE Infocom 93,12th Conf. on 
Computer Comm.: Mar. 28-Apr. 1, 
1993, San Francisco. Cosponsor: IEEE 
Comm. Soc. Submit five copies of manu¬ 
script by July 15,1992, and camera-ready 
copy by Dec. 7,1992, to Kenneth Vastola, 
ECSE Dept., Rensselaer Polytechnic Inst., 
Troy, NY 12180-3590, phone (518) 276- 
6074, e-mail infocom@ecse.rpi.edu. 
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SID 92, Int’I Symp. and Seminar of the 
Soc. for Information Display, May 17-22, 

Boston. Contact Paul M. Alt, IBM T.J. 
Watson Research Center, PO Box 218, 
Yorktown Heights, NY 10598, phone (914) 
945-2437, fax (914) 945-1974, e-mail 
alt@watson.ibm.com; Joyce Farrell, 
Hewlett-Packard Labs, PO Box 10490, 

Palo Alto, CA 94303-0969, phone (415) 
857-2807, fax (415) 857-4320, e-mail 
farrell@hplabs.hp.com; or Jay Morreale, 
Palisades Inst, for Research Services, 201 
Varick St., Suite 1140, New York, NY 
10014, phone (212) 620-3371, fax (212) 
620-3379. 


Workshop on Interconnections With- 
in High-Speed Digital Systems, May 
18-20, Santa Fe, N.M. Sponsor: IEEE La¬ 
sers and Electro-Optics Soc. Contact Ken 
Young, Bellcore, 445 South St., Rm. 2Q- 
150, Morristown, NY 07962-1910. 


Third Eurographics Workshop on Render¬ 
ing, May 18-20, Bristol, U.K. Sponsor: 
Univ. of Bristol. Contact Alan Chalmers, 
Computer Science Dept., Univ. of Bristol, 
University Walk, Bristol, BS8 1TR, UK, 
phone 44 (272) 303-109, fax 44 (272) 251- 
154, e-mail alan@compsci.bristol.ac.uk. 


Introduction to Chargeback and DP Cost 
Accounting, May 18-20, Charleston, S.C. 
Sponsor: Financial Management for Data 
Processing. Contact Terence A. Quinlan, 
FMDP, PO Box 27543, San Francisco, CA 
94127, phone (415) 731-3706. 

ISCA 92,19th Int’l Symp. on Com- 

puter Architecture, May 18-22, Gold 
Coast, Queensland, Australia. Cosponsors: 
IEEE, ACM SIGArch. Contact Jean-Luc 
Gaudiot, EE-Systems Dept., SAL 300, 
Univ. of Southern California, Los Angeles, 
CA 90089-0781, phone (213) 740-4484 or 
(213) 743-0249, fax (213) 740-4449, e-mail 
isca92@usc.edu, gaudiot@usc.edu, or 
gaudiot@priam.usc.edu; or D. Abramson, 
CSIRO, 723 Swanston St., Melbourne 
3000, Australia, phone 61 (3) 282-2666, 
e-mail david.abramson@mel.dit.csiro.au. 


Int’l Symp. on Optical Materials Tech, for 
Energy Efficiency and Solar Energy, May 
18-22, Toulouse, France. Sponsor: Int'l 
Soc. for Optical Eng. Contact SPIE, PO 
Box 10, Bellingham, WA 98227-0010, 
phone (206) 676-3290, fax (206) 647-1445. 

Interop 92 Spring, Seventh Interoperability 
Conf., May 18-22, Washington, D.C. Con¬ 
tact Interop Inc., 480 San Antonio Rd., 
Suite 100, Mountain View, CA 94040, 
phone (800) INTEROP or (415) 941-3399, 
fax (415) 949-1779. 


tgijt In the accompanying Calendar and adjoining Call for Papers, the IEEE 

Computer Society logo identifies the conferences the society is sponsoring 
or cooperating in. Other conferences of interest to our readers are also listed. 

The free notices are published in chronological order and as space permits. 

For inclusion in the Call for Papers section, please submit the name of the 
event, date(s), location, sponsor(s), deadline for submittals, and phone and fax 
numbers and — if applicable — the electronic address of the person to whom pa¬ 
pers should be sent. 

For the Calendar section, please provide the event name, date(s), location, 
sponsor(s), and phone and fax numbers and the electronic address of the person 
to contact for complete information. 

Submitted information should arrive at Computer at least five weeks before 
the month of publication (i.e., for the July 1992 issue, send information for re¬ 
ceipt by May 20, 1992) to Chuck Governale, Calendar Dept., Computer, PO Box 
3014, Los Alamitos, CA 90720-1264, fax (714) 821-4010, e-mail c.governale® 
compmail.com. 


Sixth Int’l Conf. on Computer Sci¬ 
ence, May 20-22, Tunis, Tunisia. 
Sponsor: Assoc. Francaise pour la Cyber- 
netique Economique et Technique. Con¬ 
tact Montasser Ouaili, Ecole Nationale des 
Sciences de l’lnformatique, 16 Rue 8010 
Quartier Montplaisir, 1002 Tunis Belve¬ 
dere, Tunisia, phone 216 (1) 784-032, fax 
216(1)787-827. 

Computer Animation 92, May 20-22, Ge¬ 
neva. Cosponsors: Swiss Federal Inst, of 
Tech, et al. Contact Nadia M. Thalmann, 
Miralab CUI, Univ. of Geneva, 12 rue du 
Lac, CH 1207 Geneva, Switzerland, phone 
41 (22) 787-6581, fax 41 (22) 735-3905, 
e-mail thalmann@uni2a.unige.ch. 


Conf. on Eiffel, May 25-26, Darmstadt, 
Germany. Cosponsors: ACM, Gesellschaft 
fur Informatik. Contact Hans-Jurgen Hoff¬ 
mann, Univ. of Darmstadt, Computer Sci¬ 
ence Dept., FG PU, Alexanderstr. 10, D- 
6100 Darmstadt, Germany, phone 49 
(6151) 163-410, fax 49 (6151) 165-550, 
Earn/Bitnet xiphjho@ddathd21. 

Incom 92, Seventh Symp. on Information 
Control Problems in Manufacturing Tech¬ 
nology, May 25-28, Toronto. Cosponsors: 
Int’l Federation of Automatic Control et 
al. Contact Incom Secretariat, Nat’l Re¬ 
search Council Canada, Montreal Rd., 
Bldg. M-19, Ottawa, Ont., Canada K1A 
0R6, phone (613) 993-9431, fax (613) 957- 
9828. 


Conf.on Mathematical Aspects of Comput¬ 
er Vision, May 21-23, Colorado Springs, 
Colo. Contact Robert Carlson or Keith 
Phillips, Math Dept., Univ. of Colorado at 
Colorado Springs, Colorado Springs, CO 
90833, e-mail carlson@vision.uccs.edu or 
keith@pyramid.uccs.edu. 

Sixth Workshop on New Directions for 
Testing, May 21-24, Montreal. Contact B. 
Kaminska, Ecole Polytechnique, PO Box 
6079, Station A, Montreal, Que., Canada, 
H3C 3A7, phone (514) 340-4270, fax (514) 
340-4147, e-mail bozena@vlsi.polymtl.ca. 

Symp. on New Trends in Neural Networks, 
May 22-29, Ghent, Belgium. Contact F. 
Vandamme or Carine van Belleghem, 
Blandijnberg 2. 9000 Ghent, Belgium, 
phone 32 (91) 643-952, fax 32 (91) 644-197. 

Eurocrypt 92, May 24-28, Balatonfiired, 
Hungary. Sponsor: Int’l Assoc, for Crypto¬ 
logic Research. Contact Tibor Nemetz, 
Math Inst, of the Hungarian Academy of 
Science, PO Box 127, H-1364 Budapest, 
Hungary, phone 36 (1) 117-71-75, fax 36 
(1) 117-71-66, e-mail hll37nem@ella.hu. 


IEEE Int’l Symp. on Industrial Electron¬ 
ics, May 25-29, Xian, China. Cosponsors: 
IEEE Industrial Electronics Soc. et al. 
Contact Allen C. Chen, AT&T Bell Labs, 
Rm. 1E134A, Whippany Rd., PO Box 903, 
Whippany Road, NJ 07981-0903; J.D. Ir¬ 
win, Electrical Eng. Dept., Auburn Univ., 
Auburn, AL 36849, phone (205) 844-1810, 
fax (205) 844-1809; or Sheng-wu Liu, Li¬ 
brary, Northwestern Polytechnical Univ., 
Xian 710071, China, phone 1 (29) 533-71 
ext. 2926, fax 1 (29) 711-959. 

ISTCS, Israeli Symp. on the Theory 
of Computing and Systems, May 27- 

28, Haifa, Israel. Cosponsors: Assoc, of 
Technological Education in Electronics 
and Computer Science et al. Contact 
Michael Rodeh, Science and Tech., IBM 
Israel, Technion City, Haifa 32000, Israel, 
phone 972 (4) 296-205, fax 972 (4) 320-894. 

MVL 92,22nd Int’l Symp. on Multi¬ 
ple-Valued Logic, May 27-29, Sendai, 
Japan. Sponsors: IEEE Computer Soc. 
Technical Committee on Multiple-Valued 
Logic, Japan Research Group on Multiple- 
Valued Logic. Contact Tatsuo Higuchi, 
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Electronic Eng. Dept., Tohoku Univ., 
Aoba, Aramaki, Sendai 980, Japan, phone 
81 (022) 222-1800, fax 81 (022) 263-9406, 
e-mail thiguchi@higuchi.ecei.tohoku.ac.jp; 
or S.B. Silio, Electrical Eng. Dept., Univ. 
of Maryland, College Park, MD 20742, 
phone (301) 454-6839, fax (301) 454-1837, 
e-mail silio@eng.umd.edu. 


(gv Symp. on Assessment of Quality 
Software Development Tools, May 
27-29, New Orleans. Sponsor: Tulane 
Univ. Contact Judy Lee, IBM, 1000 NW 
51st. St., Boca Raton, FL 33432, phone 
(407) 982-1048; or Ez Nahouraii, IBM 
(798/089), 6321 San Ignacio Ave., San Jose, 
CA 95119, phone (408) 281-5741, e-mail 
eznah@stlvm7.iinusl.ibm.com. 


Eighth Int’l Information Security Conf., 
May 27-29, Raffles City, Singapore. Spon¬ 
sors: Int’l Federation for Information Pro¬ 
cessing. Contact Terence Teng, IFIP, Hq. 
Link Pte. Ltd., 150 S. Bridge Rd., #13-01 
Fook Hai Bldg., Singapore 0105, phone 
(65) 534-3588, fax (65) 534-2330. 

1992 IFIP Conf. on Upper-Layer Proto¬ 
cols, Architectures, and Applications, May 
27-29, Vancouver, B.C., Canada. Cospon¬ 
sors: Int’l Federation for Information Pro¬ 
cessing, Univ. of British Columbia. Con¬ 
tact Gerald Neufeld, Computer Science 
Dept., Univ. of British Columbia, Vancou¬ 
ver, B.C., Canada V6T 1Z2, phone (604) 
822-4806, fax (604) 822-5485, e-mail 
neufeld@cs.ubc.ca. 


Second Int’l Workshop on Queueing Net¬ 
works with Finite Capacity, May 28-29, Re¬ 
search Triangle Park, N.C. Cosponsors: 
Nat’l Science Foundation et al. Contact 
Raif O. Onvural, H83A/675, IBM, Re¬ 
search Triangle Park, NC 27709, phone 
(919) 254-4687, e-mail onvural@ralvm29. 
iinusl.ibm.com. 


gjN ICCI, Fourth Int’l Conf. on Comput- 
ing and Information, May 28-30, 

Toronto. Contact Peter E. Lauer, Comput¬ 
er Science and Systems, McMaster Univ., 
Hamilton, Ont., Canada, phone (416) 525- 
9140. 


Third Women in Eng. Conf., May 31-June 

2, Washington, D.C. Sponsor: Women In 
Eng. Program Advocates Network. Con¬ 
tact Susan Metz, Office of Women’s Pro¬ 
grams, Stevens Inst, of Tech., Castle Point 
on the Hudson, Hoboken, NJ 07030, phone 
(201) 216-5245. 


June 1992 

Second Golden West Int’l Conf. on Intelli¬ 
gent Systems, June 1-3, Reno, Nev. Spon¬ 
sor: Univ. of Nevada. Contact Carl G. 
Looney, Computer Science Dept., Univ. of 
Nevada, Reno, NV 89577, phone (702) 
784-4313, fax (702) 784-1766, e-mail 
looney@mammoth.cs.unr.edu. 


Third Int’l Joint Tech. Workshop on Neu¬ 
ral Networks and Fuzzy Logic, June 1-3, 

Houston. Cosponsors: NASA Johnson 
Space Center, Univ. of Houston-Clear 
Lake. Contact Carla Armstrong, NASA- 
JSC, Houston, TX 77058, phone (713) 483- 
9071. 

Conf. on Command, Control, Communica¬ 
tions, and Intelligence Tech, and Applica¬ 
tions, June 1-4, Utica, N.Y. Sponsor: IEEE 
Mohawk Valley Section. Contact John D. 
Evanowsky, Management Assistance Cen¬ 
ter, SUNY Inst, of Tech, at Utica/Rome, 
PO Box 3050, Utica, NY 13504-3050, 
phone (315) 792-7556. 

1992 European Simulation Multiconfer¬ 
ence, June 1-4, York, UK. Sponsor: SCS 
Int’l. Contact Winfried Hahn, Univ. of Pas- 
sau, Computer Science Dept., Innstr. 33, 
D-8390 Passau, Germany, phone 49 (851) 
509-320, e-mail hahn@penn.fmi. 
uni-passau.de. 

(gjj) FGCS 92, Fourth Int’l Conf. on 

Fifth-Generation Computer Systems, 
June 1-5, Tokyo. Cosponsors: Information 
Processing Soc. of Japan et al. Contact Hi- 
dehiko Tanaka, Electrical Eng. Dept., 
Univ. of Tokyo, 3-1 Hongo 7-chome, 
Bunkyo-ku, Tokyo 113, Japan, phone 81 
(33) 3812-2111 ext. 6663, fax 81 (33) 3818- 
5706, e-mail tanaka@mtl.t.u-tokyo.ac.jp. 

/gj\ Euro ASIC 92, June 1-5, Paris. Con- 
vSP’ tact Gabriele Saucier, Laboratoire 
CSI/Institut National, Polytechnic de 
Grenoble, 46 Ave. Felix Viallet/38000 
Grenoble, France, phone (33) 76-57-46-87, 
fax (33) 76-50-34-21. 

Ada-Europe Conf. 92, June 1-5, Amster¬ 
dam Beach, The Netherlands. Contact MC 
Consultancy, c/o L. Bos, Stationsstraat 38, 
3511 EG Utrecht, The Netherlands, phone 
31 (30) 311-038, fax 31 (30) 321-967. 

Communications Forums on Technologies 
and Customers 2000, Cellular Technolo¬ 
gies, and Worldwide Personal Communica¬ 
tions, June 1-5, Chicago. Sponsor: Nat’l 
Eng. Consortium. Contact NEC, 303 E. 
Wacker Dr., Suite 740, Chicago, IL 60601, 
phone (312) 938-3500, fax (312) 938-8787. 

1992 ACM SIGMetrics and Performance 
92, Int’l Conf. on Measurement and Mod¬ 
eling of Computer Systems, June 1-5, New¬ 
port, R.I. Cosponsors: ACM,. Int’l Federa¬ 
tion for Information Processing. Contact 
Linda S. Wright, DEC, 151 Taylor St., Lit¬ 
tleton, MA 01460-1407, phone (508) 952- 
4476, fax (508) 952-4197, e-mail wright@ 
tps.dec.com. 

® Sixth Israel Conf. on Computer Sys¬ 
tems and Software Eng., June 2-3, 

Herzliya, Israel. Sponsors: IEEE Comput¬ 
er Soc. Israel Chapter, Information Pro¬ 
cessing Assoc, of Israel. Contact Confer¬ 
ence Secretariat, Ortra, PO Box 50432, Tel 
Aviv 61500, Israel, phone 972 (3) 664-825, 
fax 972 (3) 660-952. 


© European Design for Testability 
Conf., June 2-4, Brugge, Belgium. 
Contact Thomas W. Williams, phone (303) 
924-9912; or J. Jamison, phone 32 (2) 118- 
7511. 

COGANN, Combination of Genetic Algo¬ 
rithms and Neural Networks Workshop, 
June 6, Baltimore. Sponsor: IEEE Neural 
Networks Council. Contact Darrell Whit¬ 
ley, Computer Science Dept., Colorado 
State Univ., Fort Collins, CO 80523, phone 
(303) 491-5373, e-mail whitley@cs. 
colostate.edu. 

(gi) STW 92, Southwest Test Workshop, 
June 7-9, San Diego, Calif. Sponsor: 
IEEE Computer Soc. Technical Commit¬ 
tee on Test Tech. Contact William R. 
Mann, Rockwell Int’l, MS 503-200, 4311 
Jamboree, Newport Beach, CA 92660, 
phone (714) 833-4013, fax (714) 833-6680. 

IJCNN 92, Int’l Joint Conf. on Neural Net¬ 
works, June 7-11, Baltimore. Cosponsors: 
IEEE, Int’l Neural Network Soc. Contact 
IJCNN 92, 5665 Oberlin Dr. #110, San Di¬ 
ego, CA 92121, phone (619) 453-6222, fax 
(619) 535-3880. 

IC 3 N, First Int'l Conf. on Computer 
Comm, and Networks, June 8-10, San Di¬ 
ego, Calif. Sponsor: Int’l Soc. for Mini and 
Microcomputers. Contact Kijoon Chae or 
E.K. Park, Computer Science Dept., US 
Naval Academy, Annapolis, MD 21402, 
phone (410) 267-3080, fax (410) 267-4883, 
e-mail chae@usna.navy.mil. 

gj!) DAC 92, 29th IEEE/ACM Design 
Automation Conf., June 8-12, Ana¬ 
heim, Calif. Contact DAC 92, MP Associ¬ 
ates, 7490 Clubhouse Rd., Boulder, CO 
80301, phone (303) 530-4333; or Dan 
Schweikert, Cadence Design Systems, 555 
River Oaks Pkwy., Bldg. 4, San Jose, CA 
95132, phone (408) 944-7297, e-mail dan@ 
cadence.com. 

Usenix Summer 92 Technical Conf., June 
8-12, San Antonio, Texas. Contact Usenix 
Conf. Office, 22672 Lambert St.,Suite 613, 
El Toro, CA 92630, phone (714) 588-8649, 
fax (714) 588-9706, e-mail conference® 
usenix.org. 

® Sixth Int’l Workshop on Scientific 
and Statistical Database Manage¬ 
ment, June 9-11, Zurich, Switzerland. Co¬ 
sponsor: ACM SIGMOD. Contact H. 
Hinterberger, Inst, for Scientific Comput¬ 
ing, ETH Zentrum, CH-8093 Zurich, Swit¬ 
zerland, phone 41 (1) 254-7436, fax 41 (1) 
262-3973. 

(gjj) IEA/AIE 92, Fifth Int’l Conf. on In- 
XSZ dustrial and Eng. Applications of Ar¬ 
tificial Intelligence and Expert Systems, 
June 9-12, Paderborn, Germany. Cospon¬ 
sors: Univ. of Paderborn et al. Contact 
Moonis Ali, Univ. of Tennessee Space 
Inst., MS 15, Tullahoma, TN 37388-8897, 
phone (615) 455-0631, ext. 283, e-mail 
alif@udsivl.bitnet; or Fevzi Belli, Univ. of 
Paderborn, Postfash 1621, 4790 Paderborn, 
Germany, phone 49 (5251) 60-3282, fax 49 
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^ ICDCS 92,12th Int’l Conf. on Dis- 
tributed Computing Systems, June 9- 

12, Yokohama, Japan. Cosponsor: Infor¬ 
mation Processing Soc. of Japan. Contact 
Ming T. (Mike) Liu, Computer and Infor¬ 
mation Science Dept., Ohio State Univ., 
2036 Neil Ave., Columbus, OH 43210- 
1277, phone (614) 292-6552, fax (614) 292- 
9021, e-mail mike.liu@osu.edu; or Yutaka 
Matsushita, Instrumentation Eng. Dept., 
Keio Univ., 3-14-1 Hiyoshi, Kohoku-ku, 
Yokohama, Japan 223, phone 81 (045) 563- 
1141 ext. 3564, fax 81 (045) 562-7625, 
e-mail on@ inst.keio.ac.jp. 

ITS 92, Second Int’l Conf. on Intelli- 
^5/ gent Tutoring Systems, June 10-12, 

Montreal. Cosponsors: Univ. of Montreal 
et al. Contact Claude Frasson, Departe- 
ment d’IRO, Universite de Montreal, CP 
6128 Succ A. Montreal, Que., Canada H3C 
3J7, phone (514) 343-7019, fax (514) 343- 
5834, e-mail frasson@iro.umontreal.ca. 

1992 Classification Soc. of North Am. An¬ 
nual Meeting, June 11-13, East Lansing, 
Mich. Contact Richard C. Dubes, Comput¬ 
er Science Dept., Michigan State Univ., 
East Lansing, MI 48824-1027, phone (517) 
355-5240, e-mail dubes@cps.msu.edu. 

Int’l Symp. on Computer Science and 
Tech., June 13-18, Moscow. Sponsors: In¬ 
dependent Univ., Russian Academy of Sci¬ 
ences Inst, of Control Sciences. Contact 
Edward Lozansky, Independent Univ., 

3001 Veazey Terr. NW, Washington, DC 
20008, phone (202) 362-7855, fax (202) 
364-0200. 

^j| CBMS 92, IEEE Symp. on Comput- 
vU' er-Based Medical Systems, June 14- 

17, Durham, N.C. Cosponsors: IEEE Com¬ 
puter Soc., IEEE Eastern North Carolina 
Section, Eng. in Medicine and Biology Soc. 
Contact James N. Brown, Jr., Research 
Triangle Inst., PO Box 12194, Research 
Triangle Park, NC 27709, phone (919) 541- 
6975, fax (919) 541-5945; or Peter Santago, 
Radiology Dept., Bowman Gray School of 
Medicine, Medical Center Blvd., Winston- 
Salem, NC 27157-1022, phone (919) 748- 
4260, fax (919) 748-2870, e-mail cbms@ 
mrips.bgsm.wfu.edu. 

/£jj\ NECC 92,13th Nat’l Educational 
Computing Conf., June 15-17, Dal¬ 
las. Contact Cathy Norris, Computer Edu¬ 
cation and Cognitive Systems, Univ. of 
North Texas, PO Box 5155, UNT Station, 
Denton, TX 76203, phone (817) 565-2824, 
fax (817) 565-4425. 

^ ICSI92, Second Int’l Conf. on Sys- 
terns Integration, June 15-18, Morris¬ 
town, N.J. Cosponsors: New Jersey Inst, of 
Tech. Computer and Information Science 
Dept., ACM et al. Contact Peter A. Ng, 
Computer and Information Science Dept., 
NJIT, University Heights, Newark, NJ 
07102, phone (201) 596-3387, fax (201) 
596-5777, e-mail ng_p@vienna.njit.edu: or 
C.V. Ramamoorthy, Univ. of California, 


CVPR 92, IEEE Computer Society 
Conf. on Computer Vision and Pat¬ 
tern Recognition, June 15-18, Champaign, 
Ill. Contact A. Rosenfeld, Center for Au¬ 
tomation Research, Univ. of Maryland, 
College Park, MD 20742, e-mail ar@alv. 
umd.edu. 

djjj!) Parle 92, Parallel Architectures and 
vU' Languages Europe, June 15-18, Par¬ 
is. Cosponsors: IEEE Region 8 et al. Con¬ 
tact Daniel Etiemble, LRI, Bat 490, Univ. 
of Paris Sud, 91405 Orsay Cedex, France, 
phone 33 (1) 6941-6621, fax 33 (1) 6941- 
6586, e-mail de@lri.lri.fr; or Francaise pour 
la Cybernetique Economique et Tech¬ 
nique, 156, boulevard Pereire, 75017 Paris, 
France, phone 33 (1) 47-66-24-19, fax 33 
(1) 42-67-93-12. 

Compass 92, Seventh Conf. on Computer 
Assurance, June 15-18, Gaithersburg, Md. 
Cosponsors: IEEE, IEEE Aerospace and 
Electronic Systems Soc. Contact Robert 
Ayers, ARINC Research, 2551 Riva Rd., 
Annapolis, MD 21401, phone (301) 266- 
4741, fax (301) 266-4040. 

© Computer Security Foundations 

Workshop V, June 16-18, Franconia, 
N.H. Contact Leonard LaPadula, Informa¬ 
tion Security Technical Center, Mitre 
Corp., Bedford, MA 01730-0208, phone 
(617) 271-3261, e-mail ljl@mitre.org; or 
Ravi Sandhu, ISSE Dept., George Mason 
Univ., Fairfax, VA 22030-4444, phone 
(703) 993-1659, e-mail sandhu@sitevax. 
gmu.edu. 

® SEKE 92, Fourth Int’l Conf. on Soft¬ 
ware Eng. and Knowledge Eng., 

June 17-19, Capri, Italy. Cosponsors: Univ. 
of Salerno et al. Contact Shi-Kuo Chang, 
Computer Science Dept., Univ. of Pitts¬ 
burgh, Pittsburgh, PA 15260, phone (412) 
624-8493; or Genoveffa Tortora, Diparti- 
mento di Informatica ed Applicazioni, 
Univ. di Salerno, 1-84081 Baronissi, Saler¬ 
no, Italy, phone 39 (89) 822-333, fax 39 
(81) 482-745, e-mail jentor@udsab.dia. 
unisa.it or usditort@inacriai.bitnet. 

Int’l Workshop on Hardware Fault- 
VTolerance in Multiprocessors, June 

22-23, Amherst, Mass. Sponsor: IEEE 
Computer Soc. Technical Committee on 
Fault-Tolerant Computing. Contact 
Donald S. Fussell, Computer Science 
Dept., TAY 2.124, Univ. of Texas at Aus¬ 
tin, Austin, TX 78712-1188, phone (512) 
471-9719, fax (512) 471-7028, e-mail 
fussell@cs.utexas.edu. 

(£§i) Seventh IEEE Conf. on Structure in 
Complexity Theory, June 22-25, Bos¬ 
ton. Sponsor: IEEE Computer Soc. Tech¬ 
nical Committee for Math. Foundations of 
Computing. Contact J. Royer, School of 
Computer and Information Science, Syra¬ 
cuse Univ., Syracuse, NY 13244, fax (315) 
443-1954, e-mail royer@top.cis.syr.edu. 


LICS, Seventh IEEE Symp. on Logic 
in Computer Science, June 22-25, 

Santa Cruz, Calif. Sponsor: IEEE Comput¬ 
er Soc. Technical Committee on Mathe¬ 
matical Foundations in Computing. Con¬ 
tact Robert L. Constable, Computer 
Science Dept., Cornell Univ., 4149 Upson, 
Ithaca, NY 14853, phone (607) 255-9204, 
fax (607) 255-4428. 

CGI 92, Computer Graphics Int’l 
Conf., June 22-26, Tokyo. Cospon¬ 
sors: Computer Graphics Soc. et al. Con¬ 
tact R.A. Earnshaw, Computer Graphics, 
Univ. of Leeds, Leeds LS2 9JT, England, 
phone 44 (532) 335-414, fax 44 (532) 336- 
017; or Toki Takahashi, Autonomous Ro¬ 
bot Systems Lab, NTT Human Interface 
Labs, 3-9-11 Midori-cho, Musashino-shi, 
Tokyo 180, Japan, phone 81 (422) 59-2406, 
fax 81 (422) 59-2245, e-mail cgi92@nttarm. 
ntt.jp. 

RSP, Third Int’l Workshop on Rapid 
System Prototyping, June 23-25, Re¬ 
search Triangle Park, N.C. Cosponsors: 
IEEE Computer Soc. Technical Commit¬ 
tees on Design Automation, Simulation, 
and Test Tech. Contact Nick Kanopoulos, 
Center for Systems Eng., Research Trian¬ 
gle Inst., 3040 Cornwallis Rd., Research 
Triangle Park, NC 27709, phone (919) 541- 
7341, fax (919) 541-6515, e-mail rsp@rti.rti. 
org. 

® 10th Software Reliability Symp., 

June 25-26, Denver. Sponsor: IEEE 
Reliability Soc. Denver Chapter. Contact 
Rich Karcich, Storage Tech. Corp., 2270 S. 
88th St., MS 2286, Louisville, CO 80028- 
5319, phone (303) 673-6223, fax (303) 673- 
3353. 

IEEE Intelligent Vehicles 92, June 29-July 

1, Ypsilanti, Mich. Sponsor: IEEE Indus¬ 
trial Electronics Soc. Contact Ichiro Masa- 
ki, Computer Science Dept., GM Research 
Labs, 30500 Mound Rd., Warren, MI 
48090-9055, phone (313) 986-1466, fax 
(313) 986-9356, e-mail masaki@gmr.com. 


July 1992 


/ftjN 1992 Workshop on Fault-Tolerant 
vA? Parallel and Distributed Systems, 
July 6-7, Amherst, Mass. Cosponsor: Univ. 
of Massachusetts at Amherst. Contact 
Donald S. Fussell, Computer Science 
Dept., Univ. of Texas at Austin, TAY 
2.124, Austin, TX 78712-1188, phone (512) 
471-9719, fax (512) 471-7028, e-mail 
fussell@cs.utexas.edu. 

{£3^ CASE 92, Fifth Int’l Workshop on 
vi?' Computer-Aided Software Eng., July 
6-10, Montreal. Contact Gene Forte, 

CASE Outlook, 11830 Kerr Pkwy. #315, 
Lake Oswego, OR 97035, phone (503) 245- 
6880, fax (503) 245-6935, e-mail g.forte@ 
compmail.com; Nazim Madhavji, School of 
Computer Science, McGill Univ., 3480 
University St., Montreal, Que., Canada 
H3A 2A7, phone (514) 398-3740, fax (514) 
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398-3883, e-mail case@softeng.cs. mcgill.ca; 
or John Jenkins, City Univ. of London, 
Business Systems Analysis Dept., London, 
UK, fax 44 (71) 608-1270. 

Iros 92, Fifth Int’l Conf. on Intelligent Ro¬ 
bots and Systems, July 7-10, Raleigh, N.C. 
Cosponsors: IEEE Industrial Electronics 
Soc., Robotics Soc. of Japan et al. Contact 
Avi Kak, School of Electrical Eng., Purdue 
Univ., West Lafayette, IN 47907, phone 
(317) 494-3551, fax (317) 494-6440, e-mail 
kak@ecn.purdue.edu; or Kazuo Tanie, Me¬ 
chanical Eng. Lab, MITI, 1-2 Namiki, 
Tsukuba-shi, Ibaraki-ken, 305, Japan, 
phone 81 (298) 54-2656, fax 81 (298) 54- 
2518, e-mail ml750@mel.go.jp. 

FTCS 22, 22nd Int’l Symp. on Fault- 
vSz Tolerant Computing, July 8-10, Bos¬ 
ton. Cosponsor: Univ. of Massachusetts at 
Amherst. Contact Dhiraj K. Pradhan, 
Electrical and Computer Eng. Dept., Univ. 
of Massachusetts at Amherst. Amherst. 

MA 01003, phone (413) 545-0160, fax (413) 
545-4611, e-mail pradhan@ecs.umass.edu. 

Logic at Tver 92: Logical Foundation of 
Computer Science, July 20-24, Tver, Rus¬ 
sia. Cosponsors: IEEE et al. Contact M. A. 
Taitslyn, Univ. of Tver, 33 Zhelyahova St., 
Tver 170013, Russia. 

Siggraph 92,19th Int’l Conf. on 

Computer Graphics and Interactive 
Techniques, July 26-31, Chicago. Sponsor: 
ACM. Contact Siggraph 92, 401 N. Michi¬ 
gan Ave., Chicago, IL 60611. phone (312) 
321-6830, fax (312) 321-6876, e-mail 
info92@siggraph.org. 


August 1992 

17th Congress Workshop, Aug. 2-14, 

Washington, D.C. Sponsor: United 
Nations. Contact Lawrence W. Fritz, GE 
Aerospace, PO Box 8048-10A26, Philadel¬ 
phia, PA 19101, phone (215) 531-3205, fax 
(215) 962-3698. 

(^4^1 ASAP 92, Int’l Conf. on Application- 
v&z Specific Array Processors, Aug. 4-7, 

Berkeley, Calif. Sponsor: Univ. of Califor¬ 
nia at Berkeley. Contact Jose Fortes, 
School of Electrical Eng., Purdue Univ., 
West Lafayette, IN 47907, phone (317) 
494-3646, fax (317) 494-6440, e-mail 
fortes@ecn.purdue.edu; or Mary Stewart, 
EECS Dept., Cory Hall, Univ. of Califor¬ 
nia, Berkeley, CA 94720. 

Hot Chips IV, Symp. on High-Per- 
formance Chips, Aug. 9-11, Stanford, 
Calif. Sponsor: IEEE Computer Soc. Tech¬ 
nical Committee on Microprocessors and 
Microcomputers. Contact Glen Langdon, 
phone (408) 459-2212, e-mail langdon® 

(fft) Crypto 92, Aug. 16-20, Santa Bar- 
bara, Calif. Sponsor: Int’l Assoc, of 
Cryptologic Research. Contact Spyros S. 


Magliveras, Computer Science and Eng. 
Dept., Univ. of Nebraska, Lincoln, NE 
68588-0115, phone (402) 472-5005, fax 

(402) 472-7767, e-mail spyros@helios. 
unl.edu. 

ICPP 92, 21st Int'l Conf. on Parallel Pro¬ 
cessing, Aug. 17-21, St. Charles, Ill. Spon¬ 
sor: Pennsylvania State Univ. Contact Tse- 
yun Feng, Penn State Univ., ECE Dept., 
EE East Bldg., University Park, PA 16802, 
phone (814) 863-1469, fax (814) 865-7065. 
e-mail tfeng@ecl.psu.edu. 

Int’l Workshop on Distributed Data 
Management, Aug. 19-21, Edmon¬ 
ton, Alta., Canada. Cosponsors: Canadian 
Information Processing Soc. et al. Contact 
M. Tamer Ozsu, Computing Science Dept., 
Univ. of Alberta, Edmonton, Alta., Cana¬ 
da T6G 2H1, phone (403) 492-1071, fax 

(403) 492-1071. 

VLDB 92,18th Int’l Conf. on Very 
vAz Large Data Bases, Aug. 23-27, Van¬ 
couver, B.C., Canada. Cosponsors: VLDB 
Endowment, Canadian Information Pro¬ 
cessing Soc. et al. Contact Paul Sorenson, 
Computer Science Dept., Univ. of Alberta, 
Edmonton, Alta., Canada T6G 2H1, phone 
(403) 492-4589, fax (403) 492-1071, e-mail 
vldb92@cs.ualberta.ca or sorenson@cs. 
ualberta.ca. 


September 1992 

© Workshop on Neural Networks — 
Techniques and Applications, Sept. 
7-8, Liverpool, England. Cosponsors: 

IEEE United Kingdom-Republic of Ire¬ 
land Computer Chapter et al. Contact Kat¬ 
rina Houghton, Computer Science Dept., 
Univ. of Liverpool, Liverpool L69 3BX, 
England, UK, phone 44 (51) 794-3668, fax 
44 (51) 794-3715. 

Euro DAC 92, European Design Au- 
v5z tomation Conf., Sept. 7-10, Ham¬ 
burg, Germany. Cosponsors: IEEE Circuit 
and Systems Soc. et al. Contact A. Zylber- 
sztejn. Bull SA, 121 Ave. De Malakoff, 
75116 Paris, France, phone 33 (14) 502- 
9583, fax 33 (14) 502-9307. 

ICIP 92, Second Singapore Int'l Conf. on 
Image Processing, Sept. 7-11, Singapore. 
Cosponsors: IEEE Singapore Section et al. 
Contact Technical Programme Chair, ICIP 
92, IEEE Singapore Section, 200 Jalan Sul¬ 
tan, #11-03 Textile Centre, Singapore 0719, 
phone (65) 291-9690, fax (65) 292-8596. 

(^4^ HPDC 1, First Int’l Symp. on High- 
vlz Performance Distributed Comput¬ 
ing, Sept. 9-10, Syracuse, N.Y. Cosponsor: 
Syracuse Univ. Contact Geoffrey C. Fox, 
NPAC, Syracuse Univ., Rm. 3-131, 111 
College PI., Syracuse, NY 13244-4100, 
phone (315) 443-4741, fax (315) 443-1973, 
e-mail hpdc@nova.npac.syr.edu. 

LCN 92,17th Conf. on Local Com- 
vAz puter Networks, Sept. 13-16, Minne¬ 


apolis. Sponsor: IEEE Computer Soc. 
Technical Committee on Computer Comm. 
Contact Steve Bell, Hughes LAN Systems, 
MS 392,1072 S. Saratoga Svale Rd., San 
Jose, CA 95129, phone (415) 966-7926, fax 
(415) 966-7990, e-mail sbell@hls.com. 

Fifth Digital Signal Processing Workshop, 
Sept. 13-16, Starved Rock State Park, Ill. 
Sponsor: IEEE Signal Processing Soc. 
Contact Mark J.T. Smith, School of Elec¬ 
trical Eng., Georgia Inst, of Tech., Atlanta, 
GA 30332-0250, phone (404) 894-6291. 

SESS, Software Eng. Standards 
viz Symp., Sept. 13-17, Brighton, UK. 
Contact Takis Katsoulakos, Lloyd’s Regis¬ 
ter, Lloyd’s Register House, 29 Wellesley 
Rd., Croydon, CRO 2AJ, UK, phone (081) 
681-4774. 

(jjjjj) DCCA 3, Third Working Conf. on 
vl^ Dependable Computing for Critical 
Applications, Sept. 14-16, Mondello, Italy. 
Sponsor: Int’l Federation for Information 
Processing Working Group 10.4. Contact 
Carl E. Landwehr, Code 5540, Naval Re¬ 
search Lab, Washington, DC 20375-5000, 
phone (202) 767-3381, fax (202) 404-7942; 
or Luca Simoncini, Dipartimento di Ingeg- 
neria dell’Informazione, Univ. of Pisa, Via 
Diotisalvi 2, 56100 Pisa, Italy, phone 39 
(50) 593-443 or 550-100, fax 39 (50) 554- 
342, e-mail simon@icnucevm.cnuce.cnr.it. 

(jj§^ ICARCV 92, Second Int’l Conf. on 
vU' Automation, Robotics, and Comput¬ 
er Vision, Sept. 15-18, Singapore. Cospon¬ 
sors: Singapore Institution of Engineers 
et al. Contact ICARCV Secretariat, Asso¬ 
ciated Conventions and Exhibitions, 204 
Bukit Timah Rd., #04-00, Boon Liew 
Bldg., Singapore 0922, phone (65) 799- 
5470, fax (65) 791-2687, e-mail emital@ 
ntuvax.bitnet. 

WLI, IEEE Conf. on Wireless LAN 

Implementation, Sept. 17-18, Day- 
ton, Ohio. Contact James T. Geier, 685 N. 
Enon Rd., Yellow Springs, OH 45387, 
phone (513) 255-6224. 

ITC 92,1992 Int’l Test Conf., Sept. 

20-24, Baltimore. Cosponsor: IEEE 
Philadelphia Section. Contact Doris Tho¬ 
mas, 514 Pleasant Valley Blvd., Suite 3, Al¬ 
toona, PA 16602, phone (814) 941-4666, 
fax (814) 941-4668. 

ASIC 92, Fifth IEEE Int’l Conf. on 
vSz Application-Specific Integrated Cir¬ 
cuits, Sept. 21-25, Rochester, N.Y. Spon¬ 
sor: IEEE Rochester Section. Contact 
Lynne M. Engelbrecht, 170 Mt. Read 
Blvd., Rochester, NY 14611, phone (716) 
328-2310, fax (716) 436-9370; or Y. Tim 
Tsia, Eastman Kodak, MC-02015,1669 
Lake Ave., Bldg. 81.454/KRL, Rochester, 
NY 14650-2015, phone (716) 722-4896, fax 
(716) 722-9053. 

Compsac 92,16th Int’l Computer 

Software and Applications Conf., 
Sept. 22-25, Chicago. Contact Stephen 
Yau, Univ. of Florida, CIS Dept., Gaines¬ 
ville, FL 32611, phone (904) 335-8006. 
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CALL FOR ATTENDANCE 

18th International Conference on 

Very Large Data Bases 

August 23-27,1992 

Hyatt Regency, Vancouver, British Columbia 



VLDB Endowment 
CIPS 

In Co-operation with IEEE and ACM 




IBM Canada 

Oracle Corporation Canada, Inc. 


SCOPE_ 

The International Conference on Very Large Data Bases is the truly international annual forum for identifying, 
encouraging and exchanging ideas on research, development and novel applications of database management 
systems and techniques. VLDB V2 is the 18th meeting of this conference and marks only the fourth time 
that this conference has been held in North America. It presents a splendid opportunity for one to keep 
abreast of the current trends and future directions in database technology and research. 


TECHNICAL PROGRAM HIGHLIGHTS_ 

The Conference includes 45 technical papers covering topics such as advanced database applications, 
multi media and temporal databases, object-oriented, deductive and semantic databases, database machines, 
parallel and distributed database systems, heterogeneous and multidatabases, database design and 
performance issues, transaction processing, theory of databases, and database integrity and security. In 
addition, there will be six half-day tutorials given by internationally known experts - 
■ Object-Oriented Database Systems, Patrick Valduriez, INRIA 

• Spatial Databases, Hanan Samet, University of Maryland 

• Database Tuning, Dennis Shasha, New York University and Steve Rozen, Software Options, Inc. 

• Software Repositories, John Mylopoulos and Thomas Rose, University of Toronto 

• Multidatabase Applications: Semantic and System Issues, Marek E. Rusinkiewicz, University 
of Houston and Amit P. Sheth, Bellcore 

• Data Management for Real-Time Systems, Alejandro Buchmann, TH Darmstadt. 


CONFERENCE VENUE AND HOTEL REGISTRATION_ 

The conference will be held at the luxurious Hyatt Regency, located in the heart of Vancouver's business, 
shopping, cultural and entertainment districts. The hotel features award-winning restaurants, shops, heated 
outdoor pool and health club and is approximately 30 minutes from the airport. Mention you’re attending 
VLBD '92 to receive the special conference rate of Canadian $155 (single); Canadian $175 (double) +10% 
hotel tax + 7% Goods and Services Tax. To make reservations, contact the hotel directly at (604) 687-6543; 
Toll-free (North America) 1 -800-233-1234; Fax (604) 689-3707; Telex 04-55475 or write to Hyatt Regency, 
655 Burrard Street, Vancouver, B.C. V6C 2R7. Reserve before July 23. 


SOCIAL PROGRAM_ 

The technical program is enhanced by social events which take advantage of Vancouver’s natural beauty. 
In addition to two receptions and the banquet, the social program includes an optional harbour cruise with 
salmon BBQ. Consider arriving early to take advantage of optional city tours or extending your stay to take 
advantage of optional tours to Victoria on Vancouver Island or a week-long tour of the Canadian Rockies. 


ORGANIZING COMMITTEE 

General Conference Chair 

Paul Sorenson, University of Alberta, Canada 
sorenson@cs.ualberta.ca 

Organizing Chair 

M. Tamer Ozsu, University of Alberta, Canada 
ozsu@cs.ualberta.ca 

General Program Chair 

Stavros Christodoulakis, Technical University of Crete, Greece 

stavros@ced.tuc.gr 

American Conference Chair 

Alberto Mendelzon, University of Toronto, Canada 

mendel@db.toronto.edu 

European Program Chair 

Erich J. Neuhold, IPSI, Germany 

neuhold@darmstadt.gmd.de 

Far East (Asia and Australia) Program Chair 

Yahiko Kambayashi, Kyoto University, Japan 

yahiko@kuis.kyoto-u.ac.jp 

United States Coordinator 

Benjamin Wah, University of Illinois, U.S.A. 

wah%aquinas@uxc.cso.uiuc.edu 

European and African Coordinator 

Keith Jeffery, Rutherford Appleton Lab., U.K. 

KGJ@ib.rl.ac.uk 

Far East (Asia and Australia) Coordinator 

Rob Cook, University of Queensland, Australia 
cook@citrus.uq.oz 

William Armstrong, University of Alberta, Canada 

Vancouver Area Chair 

Nick Cercone, Simon Fraser University, Canada 




FOR MORE INFORMATION 

■ On exhibits, program, etc., contact appropriate chairs 
• On registration, contact the conference secretariat: 

VLDB '92, Conference Services, Halpern Centre, Simon Fraser University 

Burnaby, British Columbia, Canada V5A 1S6 

Telephone (604) 291-4910 or 291-3649 

Fax (604) 291 -3420 or e-mail: Conference_Services@sfu.ca 


Local Arrangements Chair 

Tiko Kameda, Simon Fraser University, Canada 

Exhibits Chair 

Lougenia Anderson, Sequent Computer Systems, U.S.A. 

Lougie@sequent.com 

VLDB Endowment Representative 

Arie Shoshani, Lawrence Berkeley Laboratory, U.S.A. 

arie@csr.lbl.gov 


VLDB ’92 CONFERENCE REGISTRATION 

Note that early registration deadline is June 15. 

Registration fee (inclusive of G.S.T.) E , d 

SFU GST #118520725 (before June 15) 

Cdn$ 

Full Fee 
(after June 15) 

Cdn$ 

General registration 

Student registration 

Extra Banquet Tickets (not included in Student Fee) 
Harbour Cruise (Optional) 

399.00 

175.00 

50.00 

45.00 

455.00 $ 

200.00 $ 

50.00 $ 

45.00 $ 

Total Davment is enclosed: Cdn $ 


_ Cheque (payable to Simon Fraser University) 

Card number 

Expiry date 

_ Credit Card (Only VISA or Mastercard ) 

Issue date (MasterCard) 

Sianature 


Name 

Department 


Institution 

Address 


Citv Province 


Country 

Telephone 

Fax 

E-mail 

Note: University Students need a letter of verification from their department chair 

Return to: VLDB ’92, Conference Services, Simon Fraser University, Burnaby, B.C., V5A 1S6 CANADA 

















































CAREER OPPORTUNITIES 


RATES: $15.00 per line (ten lines 
minimum). Average five typeset words 
per line, eight lines per column inch. Add 
$10 for box number. Send copy at least 
one month prior to publication date to: 
Marian B. Tibayan, Classified 
Advertising, COMPUTER Magazine, 
10662 Los Vaqueros Circle, PO Box 
3014, Los Alamitos, CA 90720-1264; 
(714) 821-8380; fax: (714) 821-4010. 

In order to conform to the Age Discrimina¬ 
tion in Employment Act and to discourage 
age discrimination, COMPUTER may re¬ 
ject any advertisement containing any of 
these phrases or similar ones: “...recent 
college grads...,” “...1-4 years maximum 
experience...,” “...up to 5 years experi¬ 
ence,” or “...10 years maximum experi¬ 
ence.” COMPUTER reserves the right to 
append to any advertisement without spe¬ 
cific notice to the advertiser. Experience 
ranges are suggested minimum require¬ 
ments, not maximums. COMPUTER as¬ 
sumes that since advertisers have been 
notified of this policy in advance, they 
agree that any experience requirements, 
whether stated as ranges or otherwise, will 
be construed by the reader as minimum re¬ 
quirements only. COMPUTER encour¬ 
ages employers to offer salaries that are 
competitive, but occasionally a salary may 
be offered that is significantly below cur¬ 
rently acceptable levels. In such cases the 
reader may wish to inquire of the employer 
whether extenuating circumstances apply. 


PROGRAMMER / ANALYST 

Programmer/Analyst, $14.42/hr, 7am- 
3pm, 40 hrs/week, no overtime. 

Provides feasibility study, programming 
and maintenance support to Patient Manage¬ 
ment, Patient Accounting, X-ray reporting, 
Cost accounting and Material Management 
system under IBM VSE/SP 4.1.2 environ¬ 
ment; and provides 24-hour on-call trouble¬ 
shooting assistance. 

Master degree or equivalent Computer In¬ 
formation System/related is required. 

Ability to use such programming software 
as VSE/SP, CICS, VSAM, DYNAM, 
COBOL is required with background in 
Business Administration as evidenced by 
min. 25 credit hour courses in the business 
administration area is required. 

Contact LA office of Employment Securi¬ 
ty, Job Order #456317, 706 East Vermilion, 
Lafayette, LA 70502. 


JAMES MADISON UNIVERSITY 

Department of Computer Science 

Applications are invited for a tenure-track 
position at the assistant or associate professor 
level in Computer Science. Candidates 
should have a Ph.D. in Computer Science or 
a closely related area or have significant 
industrial experience in software project 
management. Commitment to excellence in 
teaching is essential. Preference will be given 
to applicants in Software Engineering, par¬ 
ticularly those with experience in large scale 
computer systems applications, expert sys¬ 
tem applications, or information systems ap¬ 
plications. Responsibilities include develop¬ 
ing a curriculum in software engineering, 
teaching 18 credits per year at both the grad¬ 
uate and undergraduate levels, and re¬ 
search. Competitive salaries will be offered 
to attract the best candidates. 

Send a letter of application, with a resume 
and the names, addresses and telephone 
numbers of three references to: Dr. J. Archer 
Harris, Chair, Search Committee SE, Office 
of the Provost, College of Integrated Science 
and Technology, James Madison Univer¬ 
sity, Harrisonburg, VA 22807. Screening of 
applications will begin immediately and will 
continue until a suitable applicant is found. 

James Madison University is an Affirma¬ 
tive Action, Equal Opportunity Employer 
and especially encourages applications from 
minorities and women. 


SENIOR DATABASE DESIGN 
CONSULTANT 

Senior Database Design Consultant re¬ 
quired. Design, develop, install and main¬ 
tain a national database computer system for 
the Managed Health Care Industry as a major 
project being undertaken by AMCRA (Ameri¬ 
can Managed Care & Review Association) 
using Model 204, SAS, SQL, C+ + , PC 
environment development tools and overall 
expertise of the computer hardware/soft- 
ware needs of the managed health care in¬ 
dustry. Development of training materials 
and presentation of indepth proposals and 
recommendations to AMCRA participants, 
clients and potential clients. Applicants re¬ 
quired to have an Associates Degree or its 
equivalent in Math, Computers, or Engi¬ 
neering with at least two years experience in 
the job duties described above, or two years 
Model 204 database design of national data¬ 
base systems experience. Experience must 
include four months relational database 
work with the AMCRA National Database 
Project and four months with SYBASE SQL 
running under UNIX as well as the Sybase 


workbench products. Experience must also 
include one year of database workbench and 
development for the Managed Health Care 
Industry. Must have proof of legal authority 
to work in the U.S. Annual salary will be 
$100,000 per year for a 40-hour work week. 
Applicants send resume to N.M. Depart¬ 
ment of Labor, 501 Mountain Road NE, cc 
1001, Albuquerque, NM 87102. Job Order 
No. 334054. Ad paid by an Equal Oppor¬ 
tunity Employer. 


DEVELOPMENT 
ENGINEER- MAGNETICS 

Required to analyze, design, program and 
modify complex software programs for 3-D 
products; to determine procedures/docu- 
mentation needed; to interface with man¬ 
agement and customers to add new/custom 
features to products; to improve and imple¬ 
ment new features to line; to assist and im¬ 
plement new features to products and fea¬ 
ture production and release schedules; to 
coordinate software development with sys¬ 
tem architect; and to assist product manage¬ 
ment in planning/scheduling. Requires 
Ph.D./Elect.Eng., or equivalent, and three 
years experience with FEA, with emphasis 
on magnetics, acquired in academic setting 
or professional position. Must possess work¬ 
ing knowledge of FEA, with emphasis on 
magnetics; must be efficient in implementing 
FEA programs; must possess working knowl¬ 
edge of C, C+ + , UNIX and X-Windows; 
possess strong problem solving skills; broad 
range of knowledge of semi-conductor and 
micro-electronic applications; and broad 
range of knowledge of electrical machinery. 
40 hrs./wk. $962/wk. 

Send 2 resumes to: Pittsburgh West Job 
Center, 320 Bilmar Dr., Pittsburgh, PA 
15205. Order #44441431. 


ENGINEER 
Computer Design 

B.S. degree computer engineering and 
two years experience software, hardware 
and PCB layout design. Experience gained 
prior obtaining degree acceptable. Will be as¬ 
signed R&D Department and be required to 
design computer memory products for use 
within main frames, mini and personal com¬ 
puters. Salary $42800 Year. Send resume 
to Telecomputer Inc. 15026 Moran St. 
Westminster, CA 92683, ATTN: J.C. 
NGUYEN, President. 
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SR. SOFTWARE DEVELOPER 
$36,000/year 
8:00 a.m. to 5:00 p.m. 

40 hours per week 

Design computer software packages for 
process plant design, including the selection 
of components from catalogs based on oper¬ 
ating conditions; generation of layout, 
assembly and isometric drawings; flow 
sheets; automatic generation of bill of 
materials. Duties also include database 
design, programming, testing, developmen¬ 
tal support, and project management. Must 
have Bachelor of Science Degree with Major 
in Mechanical Engineering or Computer Sci¬ 
ence and have certificate for “C” Program¬ 
ming language and AUTOCAD Computer 
software. Also msut have 3 years experience 
as Sr. Software Developer and 2 years petro 
chemical plant operations as Mechanical 
Engineer. CONTACT: LA. OFFICE OF 
EMPLOYMENT SECURITY JOB ORDER 
NO. 568994, 6701 Airline Highway, 
Metairie, La., 70003. 


DEVELOPMENT STAFF MEMBER 

Research and development of efficient ad¬ 
vanced graphics and computational geo¬ 
metry algorithms in uni-processor, pipeline, 
and homogeneous and heterogeneous multi¬ 
processor environments. The duties also 
include implementation and evaluation of 
these algorithms for different processor ar¬ 
chitectures. 40 hrs./wk. $57,000/yr. Must 
have Ph.D. in Computer Science/or Com¬ 
puter Engineering, as well as one year exper¬ 
ience in the job or one year experience as a 
pre- or post-doctoral research/teaching 
assistant. The one year experience must in¬ 
clude development, implementation, and 
performance evaluation of algorithms for ad¬ 
vanced graphics applications and computa¬ 
tional geometry, including implementation 
on state-of-the-art parallel machines and 
parallelization of rasterization algorithms. 
Apply at the Texas Employment Commis¬ 
sion , Austin, TX or send resume to the Texas 
Employment Commission, TEC Building, 
Austin, TX 78778, J.O. #6342869. Ad paid 
by an equal employment opportunity 
employer. 


SYSTEMS ANALYST /PROGRAMMER 

Systems Analyst/Programmer needed to 
develop and maintain application software in 
institutional environment. Studies existing 
data handling systems to evaluate effective¬ 
ness and develop new systems to improve 
production or work flow. Analyze pro¬ 
cedures and problems to refine data and 
convert it to programmable form for elec¬ 
tronic data processing. Confer with person¬ 
nel of various institutional offices involved to 


ascertain specific input and output require¬ 
ments. Design, implement and test new auto¬ 
mation software to ensure correctness and 
completences. Maintain and update existing 
software programs to meet current and pro¬ 
jected needs. Plan and prepare technical 
reports, instructional manuals and training 
sessions relative to the establishment and 
functioning of complete data processing sys¬ 
tems. Requires M.S. in Computer Sciences 
from an accredited university recognized by 
Institute of Electrical and Electronics Engi¬ 
neers Computer Society and the Association 
of Computing Machinery. Educational back¬ 
ground must include completion of graduate 
courses in database design, distributed pro¬ 
cessing and Computer Network. Training in 
computer operating systems, including UCSD 
p-system, UNIX, Netware, PCDOS, and 
strong skills in C, Clipper and shell program¬ 
ming. Must also have good knowledge of ac¬ 
counting principles, and possess proficient 
verbal and written communication skills. 40 
hours per week. $520.00 per week. Apply 
at the Texas Employment Commission, 
Edinburg, Texas, or send resume to the 
Texas Employment Commission, TEC Build¬ 
ing, Austin, Texas 78778, J.O. #6687515. 
Ad Paid by an Equal Employment Opportu¬ 
nity Employer. 


INDIANA UNIVERSITY EAST 
RICHMOND, INDIANA 
Computer Science 

Indiana University East is seeking qualified 
faculty to fill a tenure track position in com¬ 
puter science beginning fall 1992. The suc¬ 
cessful applicant will have a strong commit¬ 
ment to teaching and learning and a doc¬ 
torate completed or in progress in computer 
science or a related field. A minimum of one 
year of practical technical experience in ap¬ 
plied computer science is preferred. 

In addition to excellent teaching ability, 
the position also requires a commitment to 
professional development and service. 
Teaching load will be selected from under¬ 
graduate computer science courses in the 
associate degree curriculum and courses 
relating to microcomputer applications and 
business. Salary range to $40K depending 
on qualifications. 

The smallest of six regional campuses in 
the Indiana University system, IU East is a 
commuter campus with 2200 students and 
offers a varied selection of associate degrees 
and a limited selection of four year degrees. 

Interested persons should send a letter of 
application, curriculum vitae, unofficial copy 
of graduate transcript, and names and ad¬ 
dresses of three references to: Dr. Thomas 
Osgood, Chair, Computer Science Search 
and Screen, Indiana University East, 2325 
Chester Boulevard, Richmond, IN 47374- 
1289 (317) 973-8214. Screening of applica¬ 
tions will begin June 1, 1992. 

Women and minorities are urged to apply, 
Indiana University East is an EEO/AA 
institution. 


CONCORDIA UNIVERSITY 
Department of Computer Science 

Applications are invited for visiting faculty, 
post-doctoral and research associate posi¬ 
tions. The department’s research interest are 
distributed computing, VLSI, database, soft¬ 
ware engineering, programming languages, 
large-scale scientific computing, artificial in¬ 
telligence, pattern recognition, computer 
algebra, and combinatorics. Applicants 
should have a Ph.D. degree in computer 
science or related field. Those who are on 
sabbatical and wish to spend a year in our 
department are also welcome to apply. 

The university is located in Montreal and 
the department houses approximately 600 
undergraduates, 90 masters and 30 Ph.D. 
students and has twenty eight fulltime faculty 
members. The department and university 
have excellent laboratory and computing 
facilities. The department’s teaching and 
research laboratories are supported by an ex¬ 
cellent pool of analysts and technicians. 

Concordia is committed to Employment 
Equity and encourages applications from 
women, aboriginal peoples, visible minori¬ 
ties and disabled persons. 

All things being equal, women candidates 
shall be given priority. 

Interested applicants should send a re¬ 
sume and the names of at least three refer- 

Chair, Department Personnel Committee 

Department of Computer Science 

Concordia University 

1455 de Maisonneuve Blvd. West 

Montreal, Quebec, Canada 

H3G 1M8 

Fax: (514) 848-2830 

email: hfli@sunlite.concordia.ca 
In accordance with Canadian immigration 
requirements, priority will be given to Cana¬ 
dian citizens and permanent residents of 
Canada. 


SOFTWARE ENGINEER 

Computer consulting firm in Denver, CO 
seeks Software Engineer to design and 
develop software for highly complex AT&T 
System 75/85 Public Branch Exchange 
(PBX) telecommunications switching sys¬ 
tem. Specifically, design and implement 
software that control DS1 digital trunk inter¬ 
face hardware circuit pack to support call 
processing functionalities, which is written in 
C language and developed in a UNIX-based 
operating system environment. Requires 
MS, Computer Science or equivalent area 
such as Computer Engineering; 1 year experi¬ 
ence in maintenance software development 
for telephony, DS1 digital trunk interface, 
and C language in a UNIX environment. 
$52,000/year; 8:00 am - 5:00 pm, M-F. 
Respond by resume, no later than June 1, 
1992, to Colorado Department of Labor & 
Employment, Division of Employment & 
Training, 600 Grant, Suite 900, Denver, CO 
80203, ATT: James Shimada, and refer to 
Job Order No. C03773936. 


May 1992 
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RUTGERS UNIVERSITY 
Electrical and Computer Engineering 

The Department of Electrical and Compu¬ 
ter Engineering anticipates a tenure-track 
opening for faculty in its Computer Engi¬ 
neering Program for September 1992. Spe¬ 
cialties of particular interest are computer 
architecture, parallel computing, software 
engineering. Excellent computer and labora¬ 
tory facilities are available, and there are 
abundant opportunitites for research affilia¬ 
tions with several Rutgers high technology 
research centers and with local industry. 
Teaching loads are modest and reflect the 
University’s commitment to excellence in 
education and research. Interested individ¬ 
uals should send a resume and the names of 
four references to Professor Herbert Free¬ 
man, Department of Electrical and Compu¬ 
ter Engineering, Rutgers’University, P.0. 
Box 909, Piscataway, NJ 08855-0909 
Rutgers is an equal opportunity, affirmative 
action employer. 


THE CHINESE UNIVERSITY OF 
HONG KONG 

Chair and Faculty Positions in 
Computer Science 

The Chinese University of Hong Kong is 
seeking candidates for the position of Chair 
of the Department of Computer Science, 
and candidates for the positions of Lecturer 
and Senior Lecturer. The Chair will also be 
appointed as Professor of Computer Science 
and is expected to lead a staff of about 
twenty to engage in instruction and research 
important to the industrial, scientific and 
economic development of Hong Kong. The 
Department offers programs of studies in 
computer science and computer engineering 
leading to the degrees of B.Sc., B.Eng., 
M.Phil., and Ph.D. Current research ac¬ 
tivities include AI, knowledge-based sys¬ 
tems, neural networks, logic programming, 
computer architecture, and open systems for 
Chinese computing. Computing facilities in¬ 
clude a network of 150 UNIX-based work¬ 
stations with access to INTERNET and a 
soon-to-be-acquired massively parallel com¬ 
puter with 8000 processors. Candidates 
whose research interests are in theoretical 
computer science, software engineering and 
theory, parallel and distributed computing, 
or multi-lingual computing systems, are en¬ 
couraged to apply. Candidates for the Chair 
will have demonstrated leadership in an 
academic or industrial research environ¬ 
ment. We offer competitive salaries com¬ 
parable to those in the U.S. Benefits include 
annual and long leaves, superannuation, 
housing and education allowance, passages 
for dependents, and medical and dental 
coverage. Please send resume, a brief 
research plan, and the names and addresses 
of three references to Professor Omar Wing, 
Dean, Faculty of Engineering, The Chinese 
University of Hong Kong, Shatin, Hong 
Kong by mail, by FAX at (852) 603-5701, or 
by e-mail: owing@eng.ie.cuhk.hk. 


UNIVERSITY OF GUAM 
Division of Mathematical Sciences 

The University of Guam solicits applica¬ 
tions to establish a list of eligibles for the 
following non-tenure or tenure track, full¬ 
time position (one-, two-, or three-year 
appointment): 

INSTRUCTOR TO 
ASSOCIATE PROFESSOR 
(Computer Science) 

Applications will be accepted until the 
position is filled and review of applications 
will begin on May 20, 1992. 

Candidates with an earned Ph.D. in com¬ 
puter science will be given preference. Can¬ 
didates must have at least a Master’s Degree 
in Computer Science with teaching experi¬ 
ence at the tertiary level. The successful can¬ 
didate must have a strong commitment to 
qualify teaching of both students in mathe¬ 
matics and computer science, and a demon¬ 
strated interest in the implementation of a 
degree program in computer science. Appli¬ 
cant must be a U.S. citizen or permanent 
resident prior to employment. This status is 
necessary for both tenure or non-tenure 
track appointments. Rank and salary will be 
commensurate with qualifications and ex¬ 
perience. 

Requests for official application forms and 
other information may be directed to the 
Personnel Services Division, UOG Station, 
Mangilao, Guam 96923. Send completed 
application form, updated resume or cur¬ 
riculum vitae, official graduate transcripts 
(sent directly from awarding institution/s), 
copies of undergraduate transcripts and 
three letters of reference or placement file to: 
University of Guam 
Prof. Tower Chen, Chair 
Computer Science Search Committee 
c/o Personnel Services Division 
UOG Station, Mangilao, Guam 96923 
For more information, call (671) 734- 
9109/9535 or call Dr. John Rider toll free at 
1-800-821-9233. UOG is an equal oppor¬ 
tunity affirmative action employer. 


DEVELOPMENT 

ENGINEER-MAGNETICS 

Required to analyze, design, program and 
modify complex software programs for 3-D 
products; to determine procedures and 
documentation needed; to interface with 
management and customers to add new/ 
custom features to products; to improve and 
implement new features to line; to assist and 
implement new features to products and fea¬ 
ture production and release schedules; to co¬ 
ordinate software development with system 
architect; and to assist product management 
in planning/scheduling. Requires Ph.D./ 
Electrical Engineering, or equivalent, and 
3 years experience with finite element analy¬ 
sis, with emphasis on magnetics, acquired in 
academic setting or professional position. 
Must possess working knowledge of FEA, 
with emphasis on magnetics; must be effi¬ 
cient in implementing FEA programs; must 


possess working knowledge of C, C + +, 
UNIX and X-Windows; strong problem solv¬ 
ing skills; broad range of knowledge of semi¬ 
conductor and micro-electronic applications; 
and broad range of knowledge of electrical 
machinery. 40 hrs./wk. $962/wk. Send 2 
resumes to: Pittsburgh South Job Center, 
2100 Wharton St., Pittsburgh, PA 15203, 
Order #4441417. 


CORNELL UNIVERSITY 
Faculty Position 

The School of Electrical Engineering at 
Cornell University has one opening in the 
area of computer engineering. Applications 
are invited at all levels; however, we are 
especially interested in applications at the 
senior level. Applicants should have strong 
commitments to and outstanding achieve¬ 
ments in research and teaching. The re¬ 
search areas of the applicant may include 
one or more of the following topics: pro¬ 
cessor and system architectures; distributed 
and parallel processing; fault tolerant com¬ 
puting; design methodology; computer im¬ 
aging and vision; scientific computation and 
applications; design of VLSI systems. 

Interested persons should submit a letter 
of application, professional resume, and the 
names of at least four references to: 

Director 

School of Electrical Engineering 
Phillips Hall 
Cornell University 
Ithaca, NY 14853-5401. 

Cornell University is an Affirmative Ac¬ 
tion/Equal Opportunity Employer. 


SYSTEMS ANALYST 

Requires BS in electrical or computer engi¬ 
neering and 2 years experience in design of 
electronic order entry (EOE) software on 
V-series UNISYS medium systems. Experi¬ 
ence must include design of EOE software 
for pharmaceutical and controlled substance 
applications and use of electronic data inter¬ 
change and V-series communications. De¬ 
sign, develop and engineer EOE software for 
pharmaceutical and controlled substance ap¬ 
plications on V-series UNISYS medium sys¬ 
tems. Implement V-series communications 
software and electronic data interchange 
systems. Develop, integrate and implement 
automated system for ordering and distribu¬ 
tion. Liaise with end users and management 
to design and document system reports, etc. 
Salary range: $42,000-47,000/yr. depend¬ 
ing on education and experience. 40 hrs./wk. 
8-5. Apply at the Texas Employment Com¬ 
mission, Dallas, Texas, or send resume to 
the Texas Employment Commission, TEC 
Building, Austin, Texas 78778, J O. 
#6342852. Ad paid by an Equal Opportu¬ 
nity Employer. 
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PROGRAMMER / ANALYST 
Eagle Pass, Texas 

Full time position. $28,010/yr. Computer 
network, office information systems and 
Database management systems planning, 
design and integration, requirements analy¬ 
sis, system analysis. Hardware and software 
evaluation and selection. Master in Com¬ 
puter Science, 1 year DBMS experience in 
inventory control design, knowledge in com¬ 
puter network, object oriented models de¬ 
sign for office information systems, cash flow 
management, statistics, management ac¬ 
counting, POS systems, CO/Session re¬ 
mote communication techniques, PERT/ 
CPM, experience in operating system man¬ 
agement, distributing Database manage¬ 
ment systems, material flow and distribution, 
MRP, quality control, scheduling and fore¬ 
casting methodology required. Apply at the 
Texas Employment Commission, Eagle Pass, 
Texas, or send resume to the Texas Employ¬ 
ment Commission, TEC Building, Austin, 
Texas 78778, J.O. #6521641. Ad paid 
by an Equal Employment Opportunity 
Employer. 


D.E. SHAW & CO. 

Algorithmic Trading 

D.E. Shaw & Co. is a small (several dozen 
employees), highly capitalized (over $300 
million in partners’ equity), extremely suc¬ 
cessful Wall Street firm specializing in quan¬ 
titative finance and computational trading. 
Computer scientists and system designers 
form the professional core of the firm, and 
not merely its support staff, and participate in 
its profits. Our technical staff includes both 
Ph.D.-level researchers recruited from Stan¬ 
ford, MIT, and other leading computer sci¬ 
ence departments and extraordinarily talented 
B.S.-and M.S.-level system designers and 
“superhackers”. It is our practice to compen¬ 
sate unusually gifted individuals at a level ex¬ 
ceeding that of the market. Applicants should 
send resumes to The Recruiting Depart¬ 
ment, D.E. Shaw & Co., 39th Floor, Tower 
45, 120 W.-45th St., New York, NY 10036. 


JAMES MADISON UNIVERSITY 
Department of Computer Science 

Applications are invited for a tenure-track 
position at the assistant or associate professor 
level in Computer Science. Candidates 
should have a Ph.D. in Computer Science or 
a closely related area. Commitment to excel¬ 
lence in teaching is essential. Preference will 
be given to applicants with applications ex¬ 
perience in human/computer interfacing or 
in visualization of information. Responsibili¬ 
ties include developing a curriculum in 
human/computer interfacing, teaching 18 
credits per year at both the graduate and 
undergraduate levels, and research. Com¬ 


petitive salaries will be offered to attract the 
best candidates. 

Send a letter of application, with a resume 
and the names, addresses and telephone 
numbers of three references to: Dr. John R. 
Fairfield, Chair, Search Committee HCI, Of¬ 
fice of the Provost, College of Integrated 
Science and Technology, James Madison 
University, Harrisonburg, VA 22807. 
Screening of applications will begin im¬ 
mediately and will continue until a suitable 
applicant is found. 

James Madison University is an Affirma¬ 
tive Action, Equal Opportunity Employer 
and especially encourages applications from 
minorities and women. 


PRESIDENT 

President of commercial software com¬ 
pany. Duties: Manage and develop program 
for software products (Multi-store retail ap¬ 
plications for drugstore, home center, hard- 
goods and convenience store segments); de¬ 
velop and implement marketing plan for 
each product category; oversee administra¬ 
tion and finances. Requirements: B.S. in 
business, economics, or computer science; 
2 years experience in software development 
and marketing in retail systems in the hard- 
goods, general merchandise segments; 
thorough knowledge of retail and accounting 
software from point of sale to headquarters; 
demonstrated ability to manage marketing 
development and business management 
functions. M-F 8-5, $65,000/year. 

Send resumes to: 

Job Service 

5735 S. Redwood Road 
P.O. Box 11750 
Salt Lake City, UT 84147-0750 
J.O. #2827336 


UNIVERSITY OF OREGON 

The Department of Computer and Infor¬ 
mation Science invites applications for a 
senior faculty position created by a new state 
Centers of Excellence award. We are seek¬ 
ing a person who will be an active leader in 
the department, willing to serve a term as 
department head and also play a key role in 
relations to the computer industry. Appli¬ 
cants should have a Ph.D. in computer sci¬ 
ence or related field and a distinguished 
record of teaching and research in the area 
of parallel processing (including parallel 
architectures, languages, and performance 
modeling) or human-computer interaction 
(including computer graphics and scientific 
visualization). Our department has 14 other 
research faculty positions (including one 
other new position for which we are current¬ 
ly recruiting), approximately 20 Ph.D. stu¬ 
dents, 50 M.S. students, and 150 B.S. stu¬ 
dents. We have strpng research programs in 


parallel and distributed systems, computer 
graphics, user interfaces, programming lan¬ 
guages, software engineering, artificial in¬ 
telligence, and theoretical computer science, 
and active interdisciplinary ties with other 
on-campus groups in the fields of cognitive 
science, neuroscience, economics, biology, 
physics, and mathematics. We offer a modem 
computing environment (a MasPar MP- 
1100, two Sequent Symmetry multiproces¬ 
sors, and dozens of Sun and HP worksta¬ 
tions) housed in a new computer science 
building. 

Review of applications will continue until 
the position if filled. The position is available 
September 1992, with a target date for filling 
the position by January 1993. Qualified ap¬ 
plicants should send their curriculum vitae 
and the names of at least three references to: 
Professor John Conery, Faculty Search 
Committee, Department of Computer and 
Information Science, University of Oregon, 
Eugene, OR, 97403-1202. For more infor¬ 
mation send e-mail to conery@cs.uoregon. 
edu or phone (503) 346-3973. The Univer¬ 
sity of Oregon is an Equal Opportunity/Af¬ 
firmative Action Employer committed to 
cultural diversity. We especially encourage 
applications from women and minorities. 
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BOOK REVIEWS 


Parallel Architectures and Algorithms for Image Understanding 

V.K. Prasanna Kumar, editor (Academic Press, Cambridge, Mass., 1991, ISBN 0-12-564040-4, 562 pp., $59.95) 


This book collects 19 articles from 
well-known researchers in parallel ar¬ 
chitectures and algorithms, and their 
application to image processing and 
understanding. Taken together, the 
articles survey developments over the 
last 10 years. They are organized in 
four main chapters. The first one, Par¬ 
allel Architectures, describes compu¬ 
tational structures, including VLSI ar¬ 
chitectures for template and block 
matching, optical systems, and orthog¬ 
onal multiprocessors (also known as 
reduced meshes of trees, or RMOT.) 
A common denominator to these five 
articles is a design methodology for 
special-purpose parallel engines. The 
proposed architectures are tuned to 
specific operations and tasks. This ap¬ 
proach is summarized in one article 
that describes a methodology leading 
to definition of a medium-grained ar¬ 
chitecture developed at an industrial 
research laboratory. 

The proposed architectures de¬ 
scribe computational models that sup¬ 
port efficient execution of the parallel 
algorithms described in Chapter 2. In 


fact, the first two articles in this chap¬ 
ter relate to well-known structures re¬ 
viewed in Chapter 1, namely, the 
RMOT and meshes with broadcast 
buses. The other two articles present 
algorithms that would execute effec¬ 
tively in commercially available sys¬ 
tems, for example, the DAP (digital 
array processor) and the Hypercube. 

The third chapter, Implementations 
and Applications, reports the experi¬ 
ences of various research groups in 
building experimental systems and tal¬ 
lying their image-processing perfor¬ 
mance. Hence, it is the most relevant 
chapter from a practical standpoint. 
Six separate articles address Netra, 
GAPP (geometric arithmetic parallel 
processor), SLAP (scan-line array 
processor), ASP (associative string 
processor), a heterogeneous system, 
and DARPA’s integrated image-un¬ 
derstanding benchmark. 

The final chapter is devoted to 
state-of-the-art image-understanding 
software systems. These articles re¬ 
port important developments as well 
as practical realizations of systems for 


vision and general image-processing 
and understanding. 

This book is important because it 
combines seemingly distant areas into 
a coordinated application field. Half 
of it addresses theoretical architec¬ 
tures, computational models, and al¬ 
gorithms, while the other half reports 
practical experiences with both hard¬ 
ware and software systems — all un¬ 
der the umbrella of image processing 
and understanding. Because results 
reported in the articles are so recent, 
the book is relevant to both research¬ 
ers and practitioners in academic and 
industrial environments. 

Although I do not think it would 
work as a textbook except in a gradu¬ 
ate research seminar, I would strongly 
recommend this book to those starting 
research in the field — whether as 
graduate students in search of a thesis 
topic or as software or hardware engi¬ 
neers pursuing the best possible im¬ 
plementation for an application. 

Isaac D. Scherson 

University of California, Irvine 


Hypertext in Context 

Cliff McKnight, Andrew Dillon, and John Richardson (Cambridge University Press, New York, 1991, ISBN 0-521- 
37488-X, 166 pp., $29.95) 


Software surrounds us. Unfortu¬ 
nately, so do mounds of technical 
manuals, how-to guides, reference 
materials, and journals. Hypertext 
might be the next step in the evolu¬ 
tion of communication technology. 

The authors describe hypertext as 
nodes or chunks of information with 
links between them. It has been 
around since the 1960s, but has never 
achieved explosive growth. Neverthe¬ 
less, it has spawned a vernacular, 
which the authors describe very well. 
Their book is well researched and pre¬ 
sents supporting information from 
psychological studies and actual physi¬ 
cal experimentation. The review of re¬ 
search in human-computer interaction 
and cognition is impressive. 

The authors describe the visual-to- 
cognitive processing of text and 
graphical material in daily tasks and 
the mapping of our own information 


space. They also give hypertext a his¬ 
torical perspective by describing the 
evolution of books and printing. They 
include an enlightening discussion of 
how readers unconsciously approach 
these materials to learn, and they 
compare this process to reading the 
manuscripts scribed by early Renais¬ 
sance monks, who used brightly illu¬ 
minated words and images to induce a 
mystical effect on the reader’s under¬ 
standing of the text. The reader’s rela¬ 
tion to a printed text is compared with 
the relation to its electronic counter¬ 
part. Only recently has the explicit use 
of color, graphics, and even sound 
placed electronic media on the same 
scale as a skillfully typographed and 
illustrated book. 

The authors present interesting the¬ 
ories about how information is gath¬ 
ered. Do we semantically analyze an 
author’s argument or do we just navi¬ 


gate through the structure of the in¬ 
formation? Are memories a constella¬ 
tion of attributes in which recall of 
any attribute is facilitated by the re¬ 
call of others? 

Hypertext can represent knowledge 
in visual landmarks that route readers 
through written records, but correct 
navigation is still a problem. Books 
offer a linear progression of thought, 
ideas, and information, while hyper¬ 
text is nonlinear — supporting goto 
statements rather than a top-down ap¬ 
proach to information gathering. Fur¬ 
ther, one can look at a book and see 
by its thickness how much material 
might lie inside; this is not true when 
looking at a screen icon. 

Computer searches in hypertext 
have advantages over traditional in¬ 
dex lookups in a book. Keyword 
searches are fast. The possibility of 
using automatic translation to convert 
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existing text into hypertext is seen as 
a means to more accessible sources of 
hypertext material. Problems arise, 
however, due to incompatible hard¬ 
ware and software. There is no indus¬ 
try-standard hypertext (even though 
Apple’s Macintosh marketing depart¬ 
ment might disagree). 

Hypertext needs good interface de¬ 
sign. Because ideas relevant to a sub¬ 
ject are represented by an association 


network or web of information, hy¬ 
pertext should function like an adven¬ 
ture game, permitting users to mean¬ 
der through a world of facts and ideas 
but also allowing jumping or linking 
whenever desired. Computers create 
virtual worlds; hypertext can contrib¬ 
ute to mind-molding technology. 

The book is well written and an ex¬ 
cellent resource for further work in 
the area. Hypertext will play an in¬ 


creasingly important role in pro¬ 
cessing the mounds of information 
we must deal with daily. Using the 
computer as a tool in this effort has 
not yet matured. As multimedia be¬ 
comes more popular, so will hyper¬ 
text. 

August M. Turano 
Med-Chek Laboratories 
Pittsburgh, Pennsylvania 


Concurrent Programming: Principles and Practice 

Gregory R. Andrews (Benjamin/Cummings Publishing, Redwood City, Calif., 1991, ISBN 0-8053-0086-4, 637pp., $49.50) 


The author defines concurrent pro¬ 
gramming as “the activity of con¬ 
structing a program containing multi¬ 
ple processes that execute in parallel. 
These processes compete for access to 
critical resources and cooperate in 
performing some task.” This book 
studies how to understand and devel¬ 
op correct concurrent programs. It 
concentrates on imperative concur¬ 
rent programming — that is, the ex¬ 
plicit use of concurrency — rather 
than declarative programming, where 
concurrency is mostly implicit (as in 
logic programming). 

The first of four distinct parts pre¬ 
sents theoretical background. It out¬ 
lines the derivation of sequential pro¬ 
grams based on propositional and 
predicate calculi. It describes an asser- 
tional approach to proving the prop¬ 
erties of concurrent programs. (The 
author considers operational reason¬ 
ing and empirical testing as approach¬ 
es that complement this one.) 

In describing the assertional ap¬ 
proach, he says, “The state of a pro¬ 
gram is characterized by a predicate 
called an assertion, and the effects of 
executing-program statements are 
characterized by predicate transform¬ 
ers.” Reasoning about programs is 
done by dealing with their properties, 
that is, the characteristics valid for all 
executions of the program. These 
comprise two classes: liveness proper¬ 
ties, asserting that a program eventu¬ 
ally enters a desirable state, and safe¬ 
ty properties, asserting that a program 
never enters an undesirable state. 

The author uses the notion of “in¬ 
terference freedom.” Briefly, a collec¬ 
tion of processes is interference-free 
“if no assignment action in one pro¬ 
cess interferes with any critical asser¬ 
tion in another.” Four techniques for 
avoiding interference are outlined and 
used extensively in this book: disjoint 
variables, weakened assertions, global 
invariants, and synchronization. 

The classical distinction between 


two architectures, shared-memory and 
communication-channel systems, 
splits the book into two corresponding 
classes of topics: synchronization 
based on shared variables being ac¬ 
cessed directly, and message-passing 
through channels as the only entities 
shared among processes. 

The author distinguishes between 
two basic forms of synchronization: 

• condition synchronization, dealing 
with processes that must wait until 
a given condition is true (for in¬ 
stance, when a message cannot be 
received until it is sent); and 

• mutual exclusion, ensuring that 
sections of code that operate on 
shared objects are not executed at 
the same time (for instance, not 
reading a partially written mes¬ 
sage from the buffer). 

The author finds these two forms of 
synchronization natural because they 
prevent undesirable interleavings of 
processes by either delaying the execu¬ 
tion of one process until the program 
state satisfies some predicate or com¬ 
bining fine-grained atomic actions into 
composite actions. Synchronization 
mechanisms are described in historical 
order: busy waiting, semaphores, con¬ 
ditional critical regions, and monitors. 
The author makes several interesting 
observations that clarify their develop¬ 
ment. For example, commenting on the 
use of semaphores for both mutual ex¬ 
clusion and condition synchronization, 
he justifies introducing conditional crit¬ 
ical regions: “Since mutual exclusion 
and condition synchronization are dis¬ 
tinct concepts, they should ideally be 
programmed in different ways.” 

The part of the book on message 
passing describes four combinations 
of possible schemes: asynchronous 
message passing, synchronous mes¬ 
sage passing, and two variations of the 
latter — remote procedure call and 


rendezvous. The latter two differ 
mainly in the way they service invoca¬ 
tions: by creating a new process (im¬ 
plicit execution) or by invoking an ex¬ 
isting one (explicit execution), 
respectively. Most notions in this 
chapter are illustrated by a somewhat 
oversimplistic but pedagogically use¬ 
ful classification of processes as fil¬ 
ters, clients, servers, or peers. 

The book ends with an overview of 
five languages suitable for concurrent 
programming: Ada, Linda, Occam, SR 
(Synchronizing Resources), and Tur¬ 
ing Plus. A full example illustrates the 
use of constructs in each language. An 
interesting feature of SR, which was 
developed by the author and his co¬ 
workers, is that it allows modules to 
be mapped onto physical hardware 
(component placing, as the author 
calls it). He also makes an encourag¬ 
ing attempt to quantify various con¬ 
structs by experimental assessment of 
their efficiency. Such figures are very 
desirable, and I would like to see fur¬ 
ther development of this section, in¬ 
cluding presentation of the measure¬ 
ment methodology. 

Assuming that fault tolerance is be¬ 
yond its scope, this book encompasses 
all of the most popular synchroniza¬ 
tion and communication techniques. It 
contains many examples, discussions 
of implementation issues, historical 
notes, exercises, and a glossary. I es¬ 
pecially liked the introductions to 
each part, which gave clear perspec¬ 
tives on the problems to be addressed. 

Many schools have already used 
draft versions of this book as a text in 
courses ranging from operating sys¬ 
tems through parallel computing. 

Both systems and application pro¬ 
grammers will find the book useful. If 
you ever wish for a bible on concur¬ 
rent programming, this is it. 

Janusz Zalewski 

Southwest Texas State University 

San Marcos, Texas 
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"Any clod can have the facts, but having opinions is an art. 

Charles McCabe, San Francisco Chronicle 


CHANNEL 


Editor: Will Tracz, IBM, Federal Systems Company, Mail Drop 0210, Owego, NY 
13827 e-mail tracz@owgvmO.vnet.ibm.com 


Computers and productivity 


Studies have shown that office pro¬ 
ductivity has not substantially improved 
since the introduction of the IBM PC a 
decade ago. Low-priced computers were 
supposed to do wonders for productivi¬ 
ty. But why haven’t they? I believe there 
are a number of reasons. 

For one thing, computers are compli¬ 
cated. It takes expertise to deal with 
them effectively. To expect productivity 
gains without user expertise is foolhar¬ 
dy. The prevailing attitude is to plop a 
computer on a desk, perhaps link it to a 
LAN, and let it do wondrous things. But 
computer-linked productivity gains just 
don’t happen that way. 

People are often afraid of what they 
don’t understand. There is no magic in 
computers. What is needed is software 
that is easy to use, intuitive, and flexible. 

With these points in mind, I’d like to 
offer a few thoughts on how to solve the 
productivity dilemma. 


The “Conventional Wisdom Watch” 
section of Newsweek magazine presents 
and appraises (sometimes satirizes and 
criticizes) current topics and newsmak¬ 
ers. For example, with T denoting posi¬ 
tive and -l denoting negative, the March 
2,1992, edition states 

Bush i Hurls in New Hampshire. 
He’ll win eventually, but it won’t be 
pretty. 

Clinton T Old CW: Is he toast — or 
dead meat? New CW: Is he just a nomi¬ 
nee — or next prez? 

New CW is often based on new per¬ 
ceptions of fact. Below is some News- 
week-like CW for contemporary com¬ 
puter scientists and engineers, with <-> 
meaning uncertainty. You may disagree 
with me on some of the issues, but I 
hope you enjoy my parodies. 

Unix/C T An obvious winner, though 
not necessarily the best (like the Wash¬ 
ington Redskins?). 

Windows T Old CW: The eyes are. the 
windows of the mind. New CW: Win¬ 
dows are the eyes of the brain. 

Software reuse I Old CW: Reuse is 


• Consult others. After you unsuccess¬ 
fully spend a little time seeking a solu¬ 
tion to a computer-related problem, ask 
questions. Try to find a knowledgeable 
user/system administrator. If this doesn’t 
help, pose such questions to computer- 
literate users in NetNews, a free, self- 
governing system that several million 
people can access worldwide. It’s com¬ 
monplace in academia and corporate 
laboratories. 

• Look into Unix. One reason for a 
lack of productivity is that most person¬ 
al computer users don’t employ Unix, 
which serves as both an operating sys¬ 
tem (for controlling the computer’s low- 
level behavior) and an environment (for 
computer usage). Unix contains many 
tools and utilities, and provides a base 
system for obtaining more useful, pro¬ 
ductive software. Engineering worksta¬ 
tions typically run Unix and can use a 
wealth of free, quality software. 


the answer. New CW: There still seems 
to be no answer. 

Object-oriented <-> Old CW: It is nice. 
New CW: It is still nice (but when will it 
live up to its promise?). 

Real-time systems <-> Everyone agrees 
it is important, but everyone has a dif¬ 
ferent definition of real time. (The spec¬ 
trum of real-time systems is too broad, 
with little consensus yet.) 

Communications T Old CW: Silence is 
golden. New CW: Communication is 
diamond. (Networking and communica¬ 
tions seem to be the most promising 
area for the next decade.) 

ISDN i Old CW: Integrated Services 
Digital Network. New CW: Integrated 
Standards and Disordered Networks. 
(We have too many standards and dif¬ 
ferent types of networks.) 

Open systems <-> “No secret” is much 
worse than “no money”? (“Openness” 
and interoperability can increase pro¬ 
ductivity. But it requires “uniformity,” 
which, in turn, may result in “no charac¬ 
teristics.”) 

Seung-Min Yang 

University of Texas at Arlington 

yang@cse.uta.edu 


• Try MIT X Windows. The X Win¬ 
dow System (a graphical, networked in¬ 
terface that is becoming the computing 
standard) was developed as part of 
MIT’s Project Athena (sponsored by 
DEC and IBM). X Windows’ quality is 
outstanding, and with the appropriate 
hardware and software its applications 
can be viewed on Macintosh, PC-com¬ 
patible, and Unix machines. In addition, 
X Windows is freely available and 
comes with source code, the program’s 
blueprint. With quality source code, a 
competent programmer can perform a 
multitude of functions, including resolv¬ 
ing problems and adding features. 

• Go the GNU route. GNU (which 
stands for “Gnu is not Unix”), a free 
system provided with source code, is in¬ 
tended to replace and improve Unix. 

The quality of software quickly rises to a 
high level when the source code for a 
program is distributed to users who can 
program. Most commercial programs do 
not distribute source code, even if the 
user is willing to pay a premium for it. 

• Tap free inventories. For commonly 
used applications, it’s seldom necessary 
to pay for software. Many programs are 
distributed through public-access tele¬ 
communications media (the Internet is 
an example). Much commercial software 
is hard to use, cumbersome, and doesn’t 
do exactly what the user wants it to. 
Many free, quality applications aren’t 
saddled with these shortcomings. 

American industry wants short-term 
quarterly and annual improvements, but 
using software and computers involves a 
long-term investment and requires a 
great deal of knowledge and training. 
The academic/research system often de¬ 
livers higher quality software than the 
industrial system. Due to the absence of 
hard deadlines, programs are released at 
useful stages in their development. In 
industry, many programs are released at 
arbitrary dates and quality suffers; such 
software isn’t nearly as useful or produc¬ 
tive as it can be. 

The motto “you get what you pay for” 
normally holds true. But with software, 
the opposite is often the case. This is un¬ 
expected, and society’s rules in this re¬ 
gard need to be revised. 

Marty Leisner 

Professional software writer 

leisner.henr801c@xerox.com 


Conventional wisdom for today’s 
computer scientists and engineers 
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7th International Parallel 
Processing Symposium 

Sponsored by IEEE Computer Society In cooperation with acm SIGARCH 

Call For Participation 

The 7 th International Parallel Processing Symposium is a forum for engineers and 
scientists from around the world to present current research findings in all aspects 
of parallel and distributed processing. Authors are invited to submit papers which 
demonstrate original unpublished research including development of experimental 
or commercial systems. Topics of interest include: 


USS1993 

April 13-16,1993 
Newport Beach Marriott 
Hotel & Tennis Club 
Newport Beach, California 


SYMPOSIUM CHAIR: 

H.T. Rung 

Carnegie Mellon University 
and Harvard University 

SYMPOSIUM VICE-CHAIR: 

Larry Canter 

Computer Systems Approach, Inc. 

PROGRAM CHAIR: 

Viktor K. Prasanna 
University of Southern California 

PROGRAM COMMITTEE: 

Mikhail Atallah 
Purdue University 
Doug Degroot 
Texas Instruments 
Jack Dongarra 
University of Tennessee 
& Oak Ridge National Lab 
Mary Eshaghian 

New Jersey Institute of Technology 
Richard F. Freund 

Naval Research & Development Center 
Kai Hwang 

University of Southern California 
Oscar Ibarra 

University of California, Santa Barbara 
Mary Jane Irwin 
Pennsylvania Sta Ln e ty 
David Kuck 

University of Illinois, Urbana-Champaign 

F. Thomson Leighton 

Massachusetts Institute of Technology 

Viktor K. Prasanna 

University of Southern California 

K, Wojtek Przytula 

Hughes Research Labs 

C. S. Raghavendra 

Washington State University 

Sartaj Sahni 

University of Florida 

Isaac Scherson 

University of California, Irvine 
Assaf Schuster 

Technion-Israel Institute of Technology 
R, K. Shyamasundar 

Tata Institute of Fundamental Research 

H.J. Siegel 

Purdue University 

Satish K. Tripathi 

University of Maryland 


• Parallel Architectures 

• Parallel & Distributed Algorithms 

• Signal & Image Processing Systems 

• Performance Modeling & Evaluation 

• Programming Environments 

• Special Purpose Processors 


PROGRAM CHAIR 

Prof. Viktor K. Prasanna 
Dept, of EE-Systems, EEB 244 
University of Southern California 
Los Angeles, CA 90089-2562 
e-mail: ipps93@halcyon.usc.edu 
fax: 213-740-4449 


PARALLEL SYSTEMS CHAIR 

Prof. Hussein M. Alnuweiri 
Department of Electrical Engineering 
University of British Columbia 
Vancouver, B.C. 

CANADA V6T1Z4 
e-mail: hussein@ee.ubc.ca 
fax: 604-822-5949 


• Interconnection Networks 

• Neural Networks 

• VLSI Systems 

• Fault Tolerance 

• Parallel Languages 

• Parallelizing Compilers 


TUTORIAL CHAIR 

Prof. Wei-Ming Lin 

Dept, of Electrical & Computer Engineering 
P.O. Box EE 

Mississippi State University 
Mississippi. MI 39762 
e-mail: wlin@ee.msstate.edu 
fax: 601-325-2298 
COMMERCIAL EXHIBITS CHAIR 

Prof. Donna Quammen 
Dept, of Computer Science 
George Mason University 
Fairfax, VA 22030-4444 
e-mail: quammen@cs.gmu.edu 
fax: 703-993-3729 


PAPERS: Send five copies of complete manuscript (not to exceed 15 single spaced 
pages) to the Program Chair. Please include your e-mail address and telephone 
and fax numbers. All papers will be reviewed. Manuscripts must be received by 
September 30,1992. Review decisions will be mailed by December 31,1992. 
Camera ready papers are due January 29,1993. Proceedings will be available at the 
symposium. 

WORKSHOPS: Workshops on a particular topic in the field are planned for the first 
day and individuals and/or special interest groups are encouraged to submit one 
page proposals to the Program Chair by September 30,1992. 

TUTORIALS: Proposals are solicited for organizing full or half-day tutorials to be 
held on the first day; interested individuals should submit a lecture outline, 
description of intended audience and vita for lecturer(s) to the Tutorial Chair by 
October 30,1992. 

PARALLEL SYSTEMS FAIR: This all day event will feature parallel machines under 
development. A one page summary of a proposed presentation should be submitted 
to the Parallel Systems Chair by October 30,1992. 

COMMERCIAL EXHIBITS: Please contact the Commercial Exhibits Chair by 
November 30,1992 to be included in the Advance Program. 
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ENTERPRISE-WIDE CASE FOR UNIX 


THE IDEAL SOLUTION FOR 
C DEVELOPERS. 


The C Development Environment 
is the first integrated CASE environ¬ 
ment designed to work as well on 
your existing systems as it works on 
brand new projects. 

It's the first CASE environment to 
support both incremental code 
generation and incremental design 
generation. You can take existing 
code, reverse engineer it and place 
the information into a shared 
repository. Hit one button and 
generate publication quality docu¬ 


mentation. Use point-and-click 
queries to access valuable infor¬ 
mation about code and design. 

Developers can work on either 
design or code, depending on their 
preferences. And bring everything 
back in together without fear of 
overwriting one another. You're 
"synchronized: And you can "trust" 
the design and documentation to 
reflect the current state of the code. 

The C Development Environment 
is an open solution that combines 


best-of-class tools from multiple 
vendors such as CenterLine, 
Frame Technology or Interleaf. 
And, it's all backed by IDE training, 
consulting and support 

Why wait? Gain the benefits of 
this exciting technology on your 
current systems. The more you 
know, the more you'll want the 
award winning C Development 
Environment. Call us for more 
information and for a seminar 
schedule. 1(800) 888-1DE1 



A major technology and 
productivity breakthrough. 
Incremental design and 
code generation. For 
new and existing systems. 
Shared repository. Fast 
one-button documentation. 
Point-and-click queries. 
Immediate navigation 
among design, code, and 
documentation. An 
open solution integrating 
tools from multiple 
vendors. C Development 
Environment. There's 
nothing like it. 

1 ^ INTERACTIVE 
■ DEVELOPMENT 
ENVIRONMENTS 

595 Market Street. San Francisco. CA 94105 
Phone: 1(415) 543-0900 FAX: 1(415)543-0145 
E Mail: cdeinfomde.com. 
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